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CONFINEMENT OF CHARGED PARTICLES BY PLANE ELECTROMAGNETIC 
WAVES IN FREE SPACE* 


Carsten M. Haaland 
Armour Research Foundation, Chicago, Illinois 
(Received December 16, 1959) 


A number of papers’~*® have been written re- 
cently on the confinement of charged particles by 
oscillating electromagnetic fields within a cavity 
or waveguide. There appear to be two cases 
under which confinement can occur. Conditions 
for one case occur when VE? is normal to E and 
the magnetic field B is 90° out of phase with E 
so that B is in phase with the velocity of the par- 
ticle.S» *,® The confinement then derives from 
the ¥XB term in the Lorentz formula. Conditions 
for the other case occur when VE? is parallel to 
E, which results in confining forces associated 
with the nonuniformity of the electric field and 
bear a close relationship to strong-focusing 
forces.*,” Both conditions can be obtained in the 
region where two plane waves in free space in- 
tersect. 

For the first case, let the waves intersect 
symmetrically about the y axis as shown in 
Fig. 1, except that the electric vectors are nor- 


y 








FIG. 1. Intersecting plane waves with electric 
vectors in plane of paper. 


mal to the paper. Using the mks system, the 
electric vectors are given by 


E.=RkE. expli(k.-r-w.t.)], 1 
1, = REY xp[ k, ,t)] (1) 
where k. = (w;/u;?)u; and k is a unit vector in the 


J 
Zz direcflon. Take w=, and u,=u,=c and 
superimpose the electric vectors to obtain 


E=E,+E,=kE, expli(s, - wt)] 


x{exp(is,) + expl-i(s_ +a)]}, (2) 


where £, = (w/c?)u,. x and £,, = (w/c?)uyy. We have 
taken ¢t, =¢ and t,=t+(a/w), where a is the phase 
difference between the two waves. 

Similarly we superimpose the magnetic vectors 
to obtain 


B= (kK, /w) XE, + (kK, /w) xE,, 
4 - 2 . - e rr . 
B= (E y/u ) expli(s, wt) {us uJ) exp(ip,) 
+ u,i+u, J) exp[-i(8 +a)]}. (3) 
__ For the special case where a=7/2, we find for 
E and B at x=y=0, 
E=kV2 Ep[cos(wt + im) - i cos(wt - i2)], (4) 


B=v2 (Ey/u)ti cosé@[cos(wt+ 42) - i cos(wt - 32)] 
-j sin@[cos(wt - 42) +i cos(wt+4n)]}. (5) 


The B vector is elliptically polarized while the 
E vector remains plane polarized. When the 
real part of E is zero, the real part of B has a 
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component in the minus y direction. From 

Eq. (2) it is evident that VE? is normal to E. 
Thus the confinement conditions for the first 
case appear to exist. 

For the second case, let the waves intersect 
symmetrically about the y axis as shown in 
Fig. 1, and let the electric vectors be given in 
the mks system as 


E, =(-xpit+y JE, expli(k, -F-wt)], (6) 
E,=(xoi+¥ JEG expli(k, +r - wt - a)], (7) 


where x,=cos@ and y,= sind. 
As before, we find 


E=E )expl iB, - wt) }{(¥ 9) - x94) explis,) 
+ (¥9J +X?) exp|-i(8, + a)}}, (8) 
B=k(E ,/u) exp[i(8_ - wt) |{exp(ig_) 
y x 
+exp[-i(8, +a)]}}. (9) 
The electric vector is now elliptically polarized, 
while B remains plane polarized. 
We can now form V(E-E) and examine the re- 
sult to see if it is parallel to E. Because of the 


complexity of VE*, we present here the result 
for the special case when @=j7. In this case 


VE? =V2 Ey (w/u)i expl2i(, - wt)] 


x{i[exp(2is ) - exp ( “218 +a))] 


—_ 


+jlexp(2is)+exp(-2i(8 +a))]}. (10) 


Taking the vector cross product of VE? with E 
and setting the result equal to zero, we find | that 
the condition for VE? to remain parallel to E is 


28. +a= énz, (11) 


where is an integer with values 0, 1, 2... 

Hence one would expect regions to exist within 
the intersecting volume where strong focusing 
occurs. 

Detailed calculations of individual particle 
trajectories must still be made. It may be nec- 
essary to use multiple plane waves to block open 
ends which may exist in the volume wherein only 
two waves intersect. 
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cess over atmospheric xenon are Xe’”*, Xe’, 
Xe", and Xe’, with the Xe’”® dominant by an 
order of magnitude. At present it does not ap- 
pear possible to explain all of these data by any 
single mechanism. Because of the existence of 


In a recent Letter on a determination of the 
age of the elements, Reynolds’ reported the 
important discovery of isotopically anomalous 
xenon in the stony meteorite Richardton. The 
isotopes which appear to occur in significant ex- 
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these four anomalies, it is difficult to conclude 
that the Xe*”° excess is simply the product of 
[* decay. 

If, however, it is assumed that most of the 
Xe!”* can be attributed to the decay of I'** re- 
maining after some element -building processes, 
some deductions may be made regarding these 
processes. In these considerations we will 
assume that after the termination of nucleosyn- 
thesis, a time interval At passed during which 
[?° underwent unsupported decay and the result - 
ing daughter product Xe’*® was not accumulated 
in solid objects such as meteorites. After the 
end of this time interval, the crystals in the 
meteorites are supposed to form closed systems 
until the present time. In the calculation of At 
given by Reynolds, he assumes that the nucleo- 
synthetic processes during which iodine was 
made were instantaneous, in accord with such 
short-time scale models as proposed by Alpher, 
Bethe, and Gamow.” On the other hand, Bur- 
bidge, Burbidge, Fowler, and Hoyle® have pro- 
posed that nucleosynthesis has taken place in 
stars at a more or less uniform rate over the 
lifetime of the Galaxy. The period of nucleo- 
synthesis is taken by these authors to be of the 
order to 10°° years. There is considerable un- 
certainty as to the exact time dependence of 
stellar evolution and nucleosynthesis in the 
Galaxy. However, in the following discussion 
we assume that nucleosynthesis occurred at a 
uniform rate over a time large compared to the 
mean life (r=2.5 x10" yr) of F?°. 

If the production of iodine occurs uniformly 
over a period of time T (JT >7) and is then halted, 
and if a time interval At passed before the Rich- 
ardton meteorite existed as a closed system, the 
following relationship is obeyed: In(I’?’/Xe**) 
= At/t +1n(T/7) +1n(Ky27/Ky29). Here, Ky, and 
K,,, are the production rates of 2" and f°, re- 
spectively. Reynolds’ experiment yields 
In(??" /Xe!?*)=14.1. In interpreting this result 
Reynolds took 7 <7, in which case In(7/rT) does 
not occur in the equation. Then, assuming 
Kyo7/Kyog ~1, he found At=3.5x10® years. 

Because of the fact that the term involving T 
occurs in a logarithm, the calculation of At does 
not depend critically on T. For any mechanism 
of element production where K,,/Ky2,<10*, the 
result obtained by Reynolds is hardly restrictive 
as to the value of T purely from such considera - 
tions. In addition, the introduction of T permits 
considerable latitude in At. For example, if 
4t=0 and K,.,/K,2,~1, then T~3x10"* years. A 





consideration which might yield a more strict 
limit on T is the evaluation of the time necessary 
to form stable solar objects. If a large fraction 
of the time calculated by Reynolds is required 

for this purpose, then the possible values of T 
will be small. On the other hand, for At=2.0x10° 
yr, then T~10'° yr. Decreasing the free decay 
period by less than a factor of two permits a 
reasonable period of duration for nucleosynthesis. 

We conclude, therefore, that Reynolds’ num- 
ber is the maximum time interval which could 
exist between the termination of nucleosynthetic 
processes and the formation of the Richardton 
meteorite. It does not directly date the time of 
formation of the elements. 

In addition to this matter, there is a question 
regarding the assumption that the Richardton 
meteorite formed a closed system with re- 
spect to xenon and iodine. An A*° - K*° age of 
(4.154 0.10) x10° yr has been determined on Rich- 
ardton by Geiss and Hess.* This value is some- 
what younger than the A*° - K*° ages on some other 
meteorites and is about 0.45 x10° yr less than the 
Pb**” - Pb? age obtained on the stony meteorite 
Nuevo Laredo by Patterson.® If the argon age 
represents the time that Richardton became a 
closed system, then, ignoring experimental 
errors, the maximum time since the termination 
of nucleosynthesis is 4.15 +0.35 =4.50 x10° yr. 

If the true time of formation of Richardton is 

4.6 10° yr and the xenon has been retained since 
then, then the maximum time is 4.95 x10° yr, as 
reported by Reynolds. If the true time of forma- 
tion of this meteorite is 4.6 10° yr and if the 
last major outgassing is given by the argon age, 
then it is possible that the relatively short-lived 
(~10® yr) radioactivities could contribute signifi- 
cantly to the heat production in the early history 
of the solar system. From the point of view of 
long-term nucleosynthesis the abundances of 
radioactive isotopes with mean lives (7’) shorter 
than I'*° will be proportional to t’/T. This will 
still permit a significant contribution to the heat 
production if At=0. The most critical parameter 
is the interval Az. If the time interval between 
the formation of meteorites and the termination 
of nucleosynthesis is within an order of magni- 
tude of the maximum of 3.5 x10® yr as reported 
by Reynolds, then there will be no such effect. 

The positive result obtained by Reynolds of 
excess Xe’”* on Richardton is a factor of ten 
greater than the upper limit reported on the 
Beardsley meteorite by Wasserburg and Hayden.°® 
Since Beardsley has an A*° - K*° age of (4.3040.10) 
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x10° yr, this implies that either the analytical 
data on the xenon in Beardsley are incorrect, or 
that these two meteorites were formed as closed 
systems separated by a time interval of ~ 10° yr. 
This would just be possible within the limits of 
analytical error. 
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It is well known that in the band structure of 
the more complicated metals (polyvalent metals 
other than semimetals), the Fermi surface need 
not be singly-connected and that as a consequence, 
some of the orbits followed by electrons under 
the influence of a magnetic field may not be closed, 
but will extend indefinitely in some direction in 
k space and in the perpendicular direction in the 
real space. It has been widely supposed that these 
orbits are nonquantized and that no resonance can 
be expected due to them.’»* It is the purpose of 
this Letter to contradict both of these supposi- 
tions. 

It has recently been shown by Kohn’ that the 
practice of describing the motion of an electron 
in a crystal in a magnetic field by the Hamilton- 
ian K = Smm’'E m(hk + (e/c)A) is justified, though 
it would be more proper to write H =5,).)" 
XE »(H;hk+(e/c)A) as E should be modified at 
higher values of the field H. This Hamiltonian 
is periodic in k space as are the basic functions 
in the representation in which it holds. Thus 
any wave function describing an electron motion 
must be periodic in k space, which thus effectively 
becomes a three-dimensional torus. These wave 
functions obey the equation 


{E -E (hic + (e/c)A)} oh) =0 


(x is represented by i8/dk). In the semiclassical 
language which we shall employ from here on, 
Bohr -Sommerfeld quantum conditions can then 
be applied to the action integral for any orbit, 
the integration extending from any point ink 
space over the path followed by the electron until 
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it returns either to the same point in k space or 
to an equivalent point. 

Before applying this procedure it is necessary 
to consider the actual form of the orbit (in k 
space) followed by an electron. This orbit is the 
intersection of a constant-energy surface and a 
surface of constant k-H. The latter, however, 
requires some elucidation. Let us choose a unit 
cell C and corresponding Brillouin zone B, which 
are convenient for the structure in question. If 
H is parallel to one of the basis vectors thus 
chosen, say the z axis, k is a constant of the 
motion, and if the orbit is open, it will leave 
the zone B at a point different from but equiva- ) 
lent to the point at which it entered, and will then © 
retrace its previous course in the same k, plane. 
The orbit is, therefore, a single connected 
curve, and the Bohr- Sommerfeld condition can 
be applied to one traversal of B. 

If H is not parallel to a basis vector, but its 
components have rational ratios, it is parallel 
to some lattice vector, and a unit cell Cy and 
Brillouin zone By can be constructed such that 
H is in the z direction. In this zone the orbit 
may be closed or open as described above, a ; 
natural frequency exists, and the levels are 
quantized. This Brillouin zone, however, may 
be very thin and flat if the lattice vector Ry 
parallel to H is long. The frequency in this case 
may be smaller than that in the previous para- 
graph by roughly the ratio of the length of ky 
to that of the basis vector. If we try to describe 
the motion in the zone B, the surface k- H =con- 
stant becomes a set of planes. The orbit may 
be closed in the part of one of three zones which 
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is enclosed in B, or it may extend over a num- 
per of them. (An orbit may in particular be 
closed in By, but extend over a number of the 
planes in B.) 

In all the cases described so far the k-H sur- 
face consists in B of a finite number of planes, 
and there is a definite frequency associated with 
the orbit for a given value of k-H. If, on the 
other hand, H is not ina rational direction, there 
is no zone By, and the surface k-H =constant fills 
the zone densely. In this case, if the orbit is not 
closed in one plane in B it never returns to its 
starting point or to any equivalent point. (Thus 
for irrational orientation, only closed orbits 
are quantized.) The electron moves across the 
zone in one plane and than moves to another 
plane and crosses it again. If H is close to the 
z axis the second passage will be in a plane close 
to the first, and the motion will be nearly peri- 
odic for a number of “periods.” 

This, however, does not imply that there can 
be no resonant absorption of radiation by open 
orbits at irrational orientations. Absorption 
requires only that an electron receive energy 
from the radiation for a time and be scattered 
before it gives it back. In case the system has 
a natural frequency this requirement results in 
a limit on the strength of the field which pro- 
duces transitions. If there is no such frequency, 
the electron will, after a time independent of the 
impinging field, start to lose energy to that field. 
Absorption can occur only if the electron is 
scattered before this takes place. 

If an electron is in a periodic orbit or a nearly 
periodic part of an orbit (which may or may not 
have a much larger rigorous period), absorption 
will occur if the scattering time is not too long. 

It will be selective in frequency if the “quasi- 
frequency” of the nearly periodic motion is suf- 
ficiently slowly varying (this is a function of the 
orientation). In general, however, we must ex- 
pect superposition of the absorption due to many 
different parts of the orbit, so that no well- 
defined frequency will be observed. 

A possibility of avoiding this blurring of the 
resonance lies in the Azbel’-Kaner’ resonance 
with magnetic field oblique to the surface. It 
has been suggested by Chambers,’ Heine,* and 
Phillips® that when the field is nearly parallel to 
the surface, only those closed orbits are observed 





for which the velocity along the field is zero, for 
only such orbits are capable of returning to the 
surface many times to be accelerated by the field. 
Open orbits, or parts of orbits, on the other hand 
have drift velocities not only along the field but 
normal to it. For a given orientation of H with 
respect to the crystal and the surface, there may 
be some open orbits whose ratios of normal to 
parallel velocity are such as to keep the elec- 
tron returning to the surface for several “per- 
iods.” Only these orbits will then contribute to 
the absorption. 

Observation of such resonance seems to offer 
an opportunity to examine previously unexplored 
areas of Fermi surfaces. 

The author is indebted to T. Holstein, Y. Yafet, 
and W. Kohn for illuminating discussions. 

Note added in proof. It has been brought to my 
attention that Zil’berman® has covered related 
ground. He has evaluated the spectrum of levels 
in the open orbit region for a rational orientation, 
and found that there are gaps in the continuous 
spectrum. The fact that the spectrum is con- 
tinuous in spite of quantization arises as follows. 
The energy is a function of three quantum num- 
bers: k, =k-H/|H|, n, the magnetic level num- 
ber, and k,, parallel to the (arbitrary) direction 
of the vector potential. In the open orbit region, 
unlike the closed orbit region, the energy does 
vary significantly with k,, but is quantized for 
fixed k,. This is all that is required for selective 
absorption, since, for proper choice of gauge, 
there is a selection rule requiring conservation 
of k, in absorption and emission. Zil’berman is 
primarily interested in the resultant form of the 
over-all spectrum. We are concerned primarily 
with the individual orbits, and in particular with 
the possibility of absorption. 
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ANTIFERROMAGNETIC EXCHANGE INTERACTIONS BETWEEN Mn’* IONS IN MgO 
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(Received January 4, 1960) 


Paramagnetic resonance methods’ have been 
used to investigate exchange interactions between 
neighboring Mn?* ions present as substitutional 
impurities in MgO, with Mn:Mg~=1:100. These 
interactions are expected to be similar to those 


in the antiferromagnetic MnO. The crystal struc- 


ture of both salts is face-centered cubic, with 
lattice parameter a,=4.203 A for pure MgO and 
a, = 4.4448 A for pure MnO.” The interactions 
have been measured for (a) an isolated nearest 
neighbor (nn) pair of Mn ions, e.g., an Mn ion 
at 0, 0, 0 with only one close Mn neighbor at 
3, 4, 0; and (b) an isolated next nearest neighbor 
(nnn) pair of Mn ions, e.g., an Mn ion at 0, 0,0 
with only one close Mn neighbor at 0,0,1. The 
latter type of pair has structure Mn-O-Mn and 
is perhaps the best known example of a pair of 
superexchange-coupled paramagnetic ions.° 
The two Mn?* ions of the pair are in a °S,, 
ground state with electronic spins Si =S/ =5/2. 
The main interaction between them is expected 
to be an isotropic exchange, 


J8'-® =4u[s(s+1) -s'(s'+1)-s(s’+1)], (1) 


where S is the total spin which can take values 
S=0, 1, 2, 3, 4, or 5. The relative energies 

of the states corresponding to these different 
spins thus follow a Landé interval rule and are 
0, J, 3J, 6J, 10J, and 15J, respectively. The 
S=0 state is lowest if J is positive, i.e., anti- 
ferromagnetic. The allowed magnetic resonance 
transitions are between the Zeeman components 
belonging to any one of these states, and in the 
present experiments we have analyzed the part 
of the spectrum corresponding to S=1 for an nn 
pair, and S=1 for an nnn pair, using wavelengths 
between 0.95 and 3.3 cm. It is found that the 
relative energies of the Zeeman components 


Table I. 


Interaction parameters for nearest neighbor and next nearest neighbor pairs. 


for these two states can be described by the spin 
Hamiltonian, 


KX =g8H-S +D[S? - $S(S+1)] 
= at <A 
+B[S,? -S,2] +A8-(T' + Y), (2) 


where g=2.00, S=1, /*°=/J=5/2=nuclear spin 
of Mn**, and the values of D and E are given in 
Table I. For nn pairs the axes x,y,z are along 
sets of directions such as [1,1,0], [0, 0,1], 
[1,1,0], respectively, with the z axis along the 
[1, 1, 0] direction joining the two ions. For nnn 
pairs there is a fourfold symmetry axis so that 
E =0, and z is along the [1, 0, 0] direction joining 
the ions. 

The observed hyperfine structure (Fig. 1) con- 
sists of eleven lines corresponding to the allowed 
values of the total nuclear magnetic quantum 
number M;=5, 4,--+-, -5. The relative intensi- 
ties are close to the expected ratios 1:2:3:4:5:6: 
5:4:3:2:1 corresponding to the different ways of 
building up each M; value. The structure con- 
stant is A =40x10~™* cm™ which is half the value 
found for an isolated Mn?" ion in Mg6O as is ex- 
pected if J>A. 

The value of J has been estimated from the 
temperature dependence of the signal intensity 
which tends to zero at very low temperatures 
because the higher levels become depopulated 


Men 


FIG. 1. Hyperfine structure from a nearest neighbor 
pair of Mn?" ions in the S=1 state. The spacing be- 
tween adjacent lines is 43 gauss. 


The calculated dipole- 


dipole interaction for the S=1 state is Dq= 111g%6*/(107;;'), where Yij= Mn-Mn separation, g=2.00, and § = Bohr 
magneton. The values of 7;; for the corresponding Mg-Mg separations in MgO have been used here; the actual 


Mn-Mn spacings in the mixed crystal may be slightly larger. 





Pair J/R (°K) 


D (em) 


E (cm™') Dg (em) 





nn Mn-Mn 
nnn Mn-O-Mn 


2824 








2824 





0.776 +0.01 
0.261 +0.01 











0.149 + 0.005 
0.00+0.01 


0.730 





0.258 
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in favor of the singlet (S=0) ground state. As- 
suming the Lande interval rule given by Eq. (1), 
the intensity of transitions belonging to the S=1 
state is proportional to [exp(-J/kT)]/(TZ), where 
Z is the partition function for the six spin states. 


300°K just above the antiferromagnetic transition 
at Ty =116°K. Finally, concerning the values 
found for the anisotropic interaction parameters 
D and E, that for D can be mainly accounted for 
by the expected dipole-dipole interaction as can 

































Spin Comparison of the experimental intensities over be seen from Table I. The value found for E(nn), 
a range of temperature with this expression gives on the other hand, is unexpectedly large, and 
the value 28 + 4°K for both Jy,/k and Jpnn/k. A may be partly due to crystal field effects arising 
direct comparison of the temperature dependence from distortion in the mixed crystal. 

(2) of the intensities of nn, S=1 and nnn, S=1 transi- We are grateful to the General Electric Re- 
tions yields Jnnn/Jnn = 1.04 0.1. search Laboratory, Schenectady, and to the 
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ng found above for the important ratio r=J,,,/Jnn Dr. W. Marshall for helpful discussions, and 
is approximately applicable to MnO, despite Professor J. E. Wertz for kindly lending us the 

he the small change in lattice spacing in the mixed crystals used in the experiments. 

n crystal. A value of 11.3°K for J,,/k and Jyyy,/k 

at .-—s can then be derived for MnO by using the meas- 

ing | ured Curie-Weiss constant, 6=610°K,* in the "Present address: University of Minnesota, School 


relation @ = 4J,),(1+7/2)S(S+1)/k with S=5/2 
on- and y=1. The value of about 28°K found in the 


of Chemistry, Minneapolis, Minnesota. 
tRoyal Society Research Fellow. 
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| pared with this susceptibility value. The dis- (London) A214, 451 (1952); J. H. E. Griffiths, J. Owen, 
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e ‘ ‘ # ndon . ° 
26: being slightly smaller in the mixed Mn:MgO *R. W. G. Wyckoff, Crystal Structures (Interscience 
of crystal. It also seems possible that the true Publishers, Inc., New York). 
‘ (high temperature) value of 6 may be larger than 3p. W. Anderson, Phys. Rev. 79, 350, 705 (1950). 
lue | 610°K, since this experimental value appears ‘H. Bizette, C. F. Squire, and B. Tsai, Compt. 
. to refer to the small temperature range 120 to rend. 207, 449 (1938). 
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ELECTRONIC STRUCTURE OF THE “ANTIMORPH” OF THE F CENTER 
Werner Kanzig 
General Electric Research Laboratory, Schenectady, New York 
(Received January 4, 1960) 
The electronic structure of the F center in center differs considerably from that of the F 
alkali halides has been investigated extensively center. 

hbor 


in the past, and a well-founded model has emerged 
ia from that work. The F center can be described 
as an electron trapped at a halide vacancy, and 
it has the symmetry appropriate to the vacancy.’ 
Seitz? proposed in 1946 the existence of a center 
-- | which should consist of a hole trapped at an alkali 
vacancy and thus would be the counterpart of the 
F center. He called it the “antimorph” of the 
ae F center.’ In this Letter we report on the obser- 
vation of a paramagnetic resonance spectrum 
— in x-rayed LiF that is probably due to such a 
center, namely to a hole trapped at a Li* vacancy. 
The analogy with the F center, however, does 
not go any further as the symmetry of the new 


The total spread of the hyperfine spectrum is 
what one expects for a hole on fluoride ions.* 
The basic hyperfine spectrum consists of four 
equally intense lines, and for specialized orien- 
tations of the crystals in the dc magnetic field 
it degenerates into a three-line pattern with the 
intensity ratio 1:2:1. This indicates that the hole 
is localized on but two fluoride ions which are 
nonequivalent with respect to a general orienta- 
tion of the applied dc magnetic field, but become 
equivalent for particular orientations. Thus this 
center can be regarded as a F,~ molecule-ion, 
just as the previously investigated self-trapped 
hole.* One principal difference consists therein 
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that in the latter case the two fluorine nuclei 
are equivalent for every orientation of the crys- 
tal in the dc magnetic field.” From a study of 
the anisotropy of the hyperfine interaction we 
can infer that the symmetry of the new center 
is that of an isosceles triangle. Its base, which 
coincides with the internuclear axis, is along 
[110], and its plane is a (001) plane. Equivalent 
orientations are equally abundant, but at liquid 
nitrogen temperature an individual center can 
be regarded as frozen in. 

The principal axes of the tensors T and T® 
that describe the hyperfine interaction with the 
two fluorine nuclei are tilted by an angle 5 ~=4° 
with respect to the internuclear axis as is illus- 
trated in Fig. 1. Otherwise the tensors are 
identical. This corresponds to a “bending” of 
the molecular bond. The values for the princi- 
pal components of the tensors are listed in 
Table I, and are compared to the corresponding 
quantities for the self-trapped hole. The hyper - 
fine interaction in the new center is larger, 
indicating that the internuclear distance is slightly 
reduced. This fact, together with the tilt and the 
symmetry, suggests that the F,~ molecule-ion 
is associated with a Li* vacancy. The perturba- 
tion potential of the Fg vacancy is, however, 
small compared to the spacing of the electronic 
energy levels of the F,~ molecule-ion. Con- 
sequently, the spectroscopic splitting factor is 
very close to.that of the self-trapped hole (Table 
II), and the same will be true for the optical 
absorption band (probably ~3400 A). 



































FIG. 1. Schematic representation of the new color 
center (left) and comparison with self-trapped hole 
(right). &;, nj, ¢; are the principal axes of the hyper- 
fine tensors 7), The tilt 6 is drawn exaggerated. 
The p functions are symbolized by figure eights. 
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Table I. Principal components of hyperfine tensors 
in gauss measured at 9.3 kMc/sec. (For designation 
of axes see Fig. 1.) 





—$$—$—, 








New center ~0 ~0 915 
Self-trapped hole 

(V center of 

reference 4) 59 59 887 








Table II. Principal components of g tensors meas- 
ured at 9.3 kMc/sec. (For designation of axes see 








Fig. 1.) 
8x: &y 82’ Error 
New center 2.023 2.023 2.001 +0.002 
Self-trapped hole 
(V center of 
reference 4) 2.0227 2.0234 2.0031 +0.001 








The thermal stability of the new center is con- 
siderably higher than that of the self-trapped 
hole. This confirms the association of the hole 
with a negatively charged lattice defect. The 
self-trapped holes become unstable and migrate 
above about 125°K.® A fraction of them (order 
of magnitude 10%) become trapped at Li* vacan- 
cies so that the new, more stable center results, 
which does not anneal out until the crystal is 
warmed up to about 230°K.’ 

A search for the corresponding center in NaCl, 
KCl, and KBr was without results. In particular, 
the optical V, band does not seem to be due to 
this type of defect. 





1G. Feher, Phys. Rev. 105, 1122 (1957); W. E. 
Blumberg and T. P. Das, Phys. Rev. 110, 647 (1958). 

*F. Seitz, Revs. Modern Phys. 18, 384 (1946). 

3F. Seitz, Revs. Modern Phys. 26, 7 (1954). 

‘T. G. Castner and W. Kanzig, J. Phys. Chem. 
Solids 3, 178 (1957); T. O. Woodruff and W. Kanzig, 
J. Phys. Chem. Solids 5, 268 (1958). 

‘The splitting of the center line of the 1:2:1 pattern 
that occurs if the angle between the de magnetic field 
and the internuclear axis approaches 90° is a higher 
order effect (see reference 4). 

8c. J. Delbecq (private communication). 

"Trapping at charged vacancy aggregates occurs 
also. The more complex V; center is a result of such 
a process [M. H. Cohen, W. Kanzig, and T. W. Wood- 
ruff, J. Phys. Chem. Solids 11, 120 (1959)]. 
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MAGNETIZATION REVERSAL AND ASYMMETRY IN COBALT VANADATE (IV)* 


N. Menyuk, K. Dwight, and D. G. Wickham 
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 
(Received December 30, 1959) 


A study of the magnetic properties of a pow- 
dered sample of cobalt vanadate (IV), Co,VO,, 
has disclosed the presence of a number of un- 
usual effects. X-ray measurements’ taken on 
this sample show it to be a single-phase spinel, 
with an indication of the presence of a small 
amount (~1%) CoO. Paramagnetic measurements 
were made between 250°K and 450°K in order to 
determine the oxidation state of the cations. 

Since Co”* cations have different moments on 
octahedral (B) and tetrahedral (A) sites,” we 
were also able to determine that cobalt vanadate 
(IV) forms the inverse spinel Co**[Co**v**0,. 

This material has a ferrimagnetic Curie tem- 
perature 7,.=158°K. On decreasing the tempera- 
ture, the spontaneous magnetic moment rises 
rapidly to a maximum at T =139°K, then de- 
creases to a zero net moment at a compensation 
temperature 6,=70°K. On taking a magnetiza- 
tion curve in the presence of a small field (H 
=700 oersteds), the net magnetization below 70°K 
is opposite to the direction of the applied field, 
as shown in Fig. 1. Compensation points of this 
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FIG. 1. Temperature dependence of magnetization 
of Co,VO, in an external field of 700 oe. 


type have been observed in ferrimagnetic sys- 
tems since they were first predicted by Néel*; 
however, the low value of 6,/T, obtained in 
Co,VO, is more typical of garnets* than of other 
spinels.® : 

The dependence of magnetization upon fields 
applied in the same direction as that applied 
during cooling was investigated at 4.2°K. The 
resultant curve, which shows a large asymmetry 
along the magnetization axis, is given in Fig. 2. 
If the sample is then rotated approximately 90°, 
a symmetrical hysteresis loop is obtained which 
is qualitatively similar in shape to the first 
curve. Furthermore, on returning the sample to 
its original position relative to the field, the 
original asymmetry is restored. Thus 11000 
oersteds at 4.2°K are unable to destroy the mem- 
ory of the field direction during cooling. 

Asymmetrical hysteresis loops are as uncom- 
mon as compensation points, and in no previous 
case have both phenomena been reported in the 
same substance. Exchange interactions observed 
by Meiklejohn and Bean® between cobalt and anti- 
ferromagnetic cobaltous oxide give rise to a 
large asymmetry along the field direction, in 
marked contrast with our results. This would 
appear to eliminate the small amount of cobaltous 
oxide impurity in our sample as the source of 
this effect. 

Reports of materials exhibiting asymmetry 
along the magnetization axis have been limited 
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H —— (kilo-oersteds) 


T=4,.2°K 








FIG. 2. Hysteresis loop of Co,VO, at 4.2°K. The 
polarity of the field axis is defined by taking the field 
applied during cooling as positive. 
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to a small effect in antiferromagnetic UMn,,’ 

and to a two-phase magnetic system containing 

a -Fe,O, and LaFeO,.® In the latter case the 
hysteresis loop was explained as a symmetrical 
a -Fe,O, loop superimposed upon a very hard 
magnetization in one direction. This explanation 
cannot be applied indiscriminately to our sample 
because it is essentially a single-phase material. 

However, Co**[Co?*v‘*t]O, represents a com- 
plicated magnetic system. Magnetic interactions 
of A-site cations with B-site cations (A-B inter- 
actions) and of B-site cations amongst them- 
selves (B-B interactions) give rise to five dis- 
tinct interactions.**® These interactions make it 
possible to obtain the multiple magnetic effects 
required to understand the experimental results. 
The simplified discussion given below indicates 
the manner in which these interactions can bring 
about the observed phenomena. In cobalt vana- 
date (IV) the Co?* -O?~ -Co?*, A-B interaction 
is the strongest single interaction® and will give 
rise to a net magnetic moment whether or not a 
canted spin arrangement?’"!~*’ of the cobalt ions 
exists. In addition, a weaker A-B, Co** -Q?~ - v*t 
interaction exists as well as a direct B-B, v** 

v‘* interaction.” If these latter two interactions 
are of comparable magnitude, the vanadium ions 
will have a canted spin arrangement with a net 
magnetic moment. This vanadium moment, with 
a net effect antiparallel to that of the cobalt ions 
but with a different temperature dependence, 
could give rise to a compensation effect. 

In order to explain the hysteresis loop behavior 
at 4.2°K it is necessary that the vanadium and 
cobalt cations behave differently under the action 
of an applied field. In view of the high anisotropy 
and magnetic hardness of cobalt in spinel lat- 
tices,’*»?® it is reasonable to assume that an 
applied field of 11000 oersteds is incapable of 
reversing the spins of the cobalt ions at 4.2°K 
after they have been set by cooling through the 
Curie point in an external field. The variation 
of magnetization at low fields is then due toa 
rotation of the vanadium ion spins relative to the 
cobalt, while the high-field magnetization varia - 





tion can be caused either by the anisotropy or by 
a canted spin arrangement of the cobalt ions. 
An additional hysteresis loop taken at 120°K was 
symmetric. The abruptness of the magnetization } 
change with applied field at this temperature 
indicated that the low-field effect (H < 3000 oe) 
present at 4.2°K is essentially absent. This is 
in general accord with the assumption that the 
vanadium ion interactions become more important 
at lower temperatures. The explanation given 
above ignores the effects of Co?* - V** and Co?* 
-Co**, B-B interactions as well as the effects of 
the statistical distribution of B-site cations. 
However, despite the simplifications, the above 
description should be illustrative of the true be- 
havior of the sample. A detailed understanding 
of the behavior requires more accurate knowl- 
edge of the various magnetic interactions than is 
presently available. This information will be 
obtained by substitution of nonmagnetic cations 
for vanadium and cobalt and by a neutron diffrac- 
tion study. 








"This work was performed with the joint support of 
the U. S. Army, Navy, and Air Force. 
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tion). 
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‘R. Pauthenet, Ann. Phys. 3, 424 (1958). 
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ORIGIN OF THE PHOTOMAGNETISM ANOMALY IN GERMANIUM 


Arnold R. Moore and John O. Kessler 
Radio Corporation of America Laboratories, Princeton, New Jersey 
(Received December 28, 1959) 


In a continuation of experiments on the anoma- 
lously large change in magnetic susceptibility, 
Ax, of germanium single crystals under illumi- 
nation by tungsten light’ it has been found that 
Ax depends on specimen dimensions in such a 
way that its origin cannot be due directly to 
photogenerated hole-electron pairs. In fact, 
most of the photomagnetic susceptibility comes 
from regions of the crystal in which ordinary 
pair theory tells us there are almost no photo- 
pairs at all. From a series of experiments on 
samples of different resistivities and dimen- 
sions, we conclude that the Ax is due to a parti- 
cle which is not generally observed in electrical 
measurements and which is generated by bimo- 
lecular recombination from the photogenerated 
hole-electron pairs; it has a large diamagnetic 
susceptibility, a diffusion length of 2.6 mm in 
fairly high resistivity germanium, and is de- 
stroyed when it reaches the surface. Further- 
more, it appears that the particle is neutral. 
The only known particle that could conceivably 
have this array of properties is the exciton. If 
the exciton is in fact responsible for our unusual 
results, then this experiment will have been the 
first to demonstrate in germanium the transport 
of energy over relatively long distances via an 
excitonic mechanism. 

The experimental arrangement was the same 
as described.’ Our method measures only AX, 
not X+otqj- The light beam was parallel to the 
magnetic field, uniformly illuminating a major 
face area of the specimen suspended in the in- 
homogeneous field. This orientation of light, 
field, and specimen was chosen to eliminate 
forces due to circulating (PEM effect) currents.’ 
The crystals were etched to yield low minority 
carrier surface recombination velocity; in all 
cases the minimum sample dimension was such 
that the carrier density was limited and deter- 
mined by bulk recombination lifetime. All sam- 
ples were masked with an opaque black paint on 
all surfaces except the front surface, on which 
the light beam was incident, so that no scattered 
light could strike the crystal from behind or 
Side. 

Two types of dimension experiments were 
carried out at room temperature on 1.8-ohm-cm 


n-type germanium, having pair diffusion length 
of 0.5 mm. In the first, we began with a sample 
13132 mm thick. The width was then re- 
duced progressively by grinding and careful re- 
etching, the susceptibility force being measured 
at each stage. The force at first drops propor- 
tionally with the light-intercepting area, as ex- 
pected, since the illumination is uniform. How- 
ever, when the width of the crystal approaches 
the thickness, the force drops much more pre- 
cipitously than the loss in face area would lead 
one to predict. Indeed, the dependence of force 
signal on width strongly suggested that the Ax 
was limited by the smallest dimension of the 
specimen, which in this case was 2 mm. 

It should be repeated here that the light- 
generated pair density was not limited by the 
proximity of any surface in these experiments. 
This was conclusively demonstrated by repeated 
measurements of photoconductive decay, or life- 
time, whenever a critical change in dimensions 
was made. Neither would one expect the lifetime 
or pair density to change from ordinary recom- 
bination theory, considering the sample dimen- 
sions, the low surface recombination velocity, 
and the bulk diffusion length. 

A more detailed and more critical test of this 
size dependence was made in the second type of 
dimension experiment. We began with a speci- 
men in the form of a cube, 10 mm on a side. 
The susceptibility force exhibited by this speci- 
men was measured in the usual way, except that 
the exciting light was first passed through a 
4-cm thick water filter in order to remove pe- 
netrating light; thus all the incident light was 
absorbed within 10~* cm of the front surface. 

All other surfaces were masked as before. A 
series of runs were then made in which the 
thickness of the specimen was reduced in small 
steps from the initial 10 mm to an eventual 0.5 
mm, corresponding to the pair diffusion length. 
In these measurements the frontal area was kept 
constant, while careful re-etching kept the mi- 
nority carrier surface lifetime at all times much 
larger than the bulk lifetime. Because the water 
filter eliminates all penetrating light from the 
beam, we expect all photogenerated pairs to be 
confined to a thin layer near the front face not 
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FIG. 1. Magnetic susceptibility force signal arising 
from chopped light through a water filter incident on a 
germanium single crystal, B mm thick, and of con- 
stant frontal area. The experimental points are shown 
together with a theoretical calculated curve assuming 
surface recombination velocity approaching infinity, 
and bulk diffusion length of 2.6 mm. The scale of the 
theoretical curve has been normalized to fit the ex- 
perimental one at the first experimental point. On the 
ordinate scale, 100 arbitrary force units correspond 
to about 10~* cgs mass susceptibility units. 


much thicker than 0.5 mm, a pair diffusion 
length. 

The result is shown in Fig. 1. The suscepti- 
bility force at first decreases slowly as the 
thickness is reduced, and then, as the thickness 
becomes quite small (but still larger than a pair 
diffusion length) it drops sharply, as the square 
of the thickness. Now this result is strange 
indeed, since the region of the specimen between 
2 and 10 mm back from the front surface con- 
tains essentially no light-generated pairs, yet 
contributes half the 4x force. At sample thick- 
ness of 0.5 mm, where the pair density would 
have been down at most 1/e, the Ax force was 
down by a factor 20. This experiment confirmed 
that for a sample 2 mm thick, the thickness was 
limiting for photosusceptibility, as shown in the 
first size experiment; it also ruled out any ex- 
planation of the anomalously large magnitude of 
the AX in terms of correlation-or plasma effects 
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of the photopairs, as well as any other theory 
attributing unusual susceptibility to the pairs 
themselves. 

The shape of the curve of Fig. 1 may be inter- 
preted in terms of a new particle generated from 
the photopairs near the front surface and which 
is free to diffuse toward the back under the in- 
fluence of its concentration gradient. The sharp 
drop of signal when the specimen is thin may be 
accounted for in terms of strong surface annihi- 
lation. If one applies ordinary diffusion theory 
to such a situation? one may fit the curve with 
two parameters, a bulk diffusion length and a 
surface recombination velocity. The calculated 
curve which best fits the data uses a bulk diffu- 
sion length of 2.6 mm and a surface recombina- 
tion velocity approaching infinity (total surface 
annihilation). Neither the values of these pheno- 
menological constants nor the functional form of 
the curve as the thickness gets small are suit- 
able to a pair distribution under the conditions of 
the experiment. 

In our earlier work’ we showed that for an in- 
trinsic sample the photosusceptibility depended 
on the square of the generated carrier concen- 
tration (An)(Ap), suggesting a bimolecular re- 
combination process in AX. We have now ex- 
tended this aspect of the experiment by corre- 
lated measurements of AX and photoconductivity 
over the resistivity range 35 ohm cm to 0.15 
ohm cm n-type, with minority carrier lifetimes 
over the range 400 to 4 usec. We find that Ax 
can best be described as proportional to (m,+ An) 
X(p,+Ap)-n,p,. Since our method measures 
only changes in x, this new equation degenerates 
to the old for the intrinsic case in which An=Ap 
>>N,P,- Thus the photomagnetism depends ina 
bimolecular way on the photopair concentration 
over a wide range. There is some evidence that 
this law does not hold beyond n, > 10**/cm*. 

It seems quite clear that the required particle 
is an exciton, consisting of a hole and an elec- 
tron located at either the (000) or (111) minima 
of the band structure.* The diamagnetic suscep- 
tibility is expected to obey the equation for 
Langevin diamagnetism, calculated for hydrogen- 
like orbits, in the effective mass approximation. 
This equation yields a xX which is proportional to 
the square of the dielectric constant, the fourth 
power of the principal quantum number 7, and 
the inverse cube of the effective mass.‘ It is not 
certain at this stage whether we are dealing with 
the direct or indirect exciton, nor can we yet 
tell the state of excitation. One may make a 
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rough estimate of the number of direct (000) ex- 
citons required to explain the magnitude of the 
observed Ax. If as many as one fourth of the 
excitons are in the n=2 state, then the x will be 
dominated by n=2 (x goes like m*). Then a steady- 
state exciton population of approximately 10'*/cm* 
would be required for an exciting pair concentra- 
tion of the order of 10*°/cm*. This would yield, 
using the known photon flux, an effective life- 
time of the order of 10 psec. On the other hand, 
if n=1 is the dominant state of excitation, about 
equal numbers of excitons and pairs would be 
required, giving an effective exciton lifetime of 
about 100 usec. 

We wish to acknowledge helpful discussions 
with members of our theoretical group, and in 


particular M. A. Lampert. We have been greatly 
helped in specimen preparation and apparatus 
construction by B. E. Tompkins. 





1John O. Kessler and Arnold R. Moore, Phys. Rev. 
Letters 2, 247 (1959). 

*W. Shockley, Electrons and Holes in Semiconductors 
(D. Van Nostrand and Company, Inc., New York, 1950), 
p. 323. 

3S. Zwerdling, L. Roth, and B. Lax, J. Phys. Chem. 
Solids 8, 397 (1959). Also, G. G. Macfarlane et al., 
J. Phys. Chem. Solids 8, 388 (1959). 

‘Because of the anisotropic effective mass in the 
(111) minimum, and since the reduced mass is domi- 
nated by the electron effective mass, this equation 
would be somewhat more complicated for indirect (111) 
excitons. However, for order of magnitude calcula- 
tions it is adequate here. 








OPTICAL OBSERVATION OF EXCHANGE SPLITTING IN YTTERBIUM IRON GARNET 


K. A. Wickersheim and R. L. White 
Hughes Research Laboratories, Culver City, California 
(Received December 28, 1959) 


Both ytterbium iron garnet (YbIG) and ytter- 
bium aluminum garnet (YbAIG) exhibit complex 
absorption spectra in the region between 8500 A 
(11760 cm~) and 10500 A (9520 cm™) which are 
associated with electronic and vibronic transi- 
tions from the ?F y, to the 2F,, levels of the Yb*** 
ion. When the spectrum of Yb*** in the alumi- 
num garnet is observed under medium resolu- 
tion, one relatively isolated line near 9700 A 
stands out as uniquely sharp and intense. Low- 
temperature observations indicate that this line 
represents an electronic transition from the 
ground state to the lowest of the J=5/2 levels. 
The terminal levels involved are each Kramer’s 
doublets degenerate in the absence of magnetic 
or exchange effects. 

The corresponding transition in ytterbium iron 
garnet exhibits structure even under medium re- 
solution. We have investigated this structure 
and conclude that it results from the splitting of 
the degenerate Yb*** levels by the exchange 
field of the neighboring Fe*** ions. 

High-resolution spectra were obtained using a 
21-footing grating spectrograph belonging to the 
UCLA Department of Physics. The reciprocal 
dispersion of this instrument is approximately 
2.5 A/mm in the first order. The garnet sam- 
ples were flat, polished sections prepared from 
Single crystals. The aluminum garnets were 


grown by the flame fusion process, while the 
iron garnets were flux grown. 

Under high resolution, the sharp Yb*** transi- 
tion of the aluminum garnet previously mentioned 
shows an unexpected fine structure. [See Fig. 1(a) 
and (b).] We do not have sufficient information 
at present to explain this structure. It is pro- 
bably of the same origin as the fine structure ob- 
served by Hellwege’ and Dieke? in other rare- 
earth compounds. The components sharpen 
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FIG. 1. Portion of the absorption spectrum of Yb*** 


in several garnets at 77°K. (a) Yb3Al;0,,; (b) 2% Yb 
in Y3;A1,0;9; (c) Yb3;Fe;O;,, thin section cut parallel to 
a (211) plane, no external field; (d) same as (c), but 
with a 3000-gauss field along a [321] direction. 
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somewhat when the ytterbium is diluted heavily 
with yttrium, but the splittings remain essentially 
unaltered. This casts some doubt on any explana- 
tion involving exchange between neighboring 
ytterbium ions. Although a significant sharpen- 
ing of spectral lines occurs upon cooling from 
300°K to 77°K, there is almost no change in line- 
widths or intensities upon cooling the aluminum 
garnet from 77°K to 4°K. 

Whatever the origin of the fine structure in the 
aluminum garnet, the splitting of the Yb***t 
transition in the iron garnet is an order of mag- 
nitude larger [Fig. 1(c)] and presumably results 
from a distinctive overriding mechanism. In the 
absence of an external magnetic field, the pattern 
consists of four rather diffuse lines and three 
relatively sharp lines. Direct photometric 
measurements show that the total integrated in- 
tensity of the diffuse lines is approximately the 
same as that of the sharp lines. At 4°K only the 
four highest frequency lines (1, 2, 3, and 4) are 
seen. 

The Yb*** ions occupy six magnetically in- 
equivalent sites in the garnet lattice. For the 
magnetic field along certain crystal directions 
of high symmetry, the inequivalence is greatly 
reduced. In particular, for a magnetic field 
along the crystal [111] direction the Yb*** sites 
are equally divided into two inequivalent sets. 

Because of magnetic anisotropy, the local di- 
rection of spontaneous magnetization in YbIG is 
along a crystal [111] direction in the absence of 
an external field; an applied field of 2000 to 
3000 gauss is sufficient to overcome the magnetic 
anisotropy and move the magnetization (with its 
exchange fields) into any desired crystal direc- 
tion. In agreement with these facts, we found 
that applying a magnetic field of 3000 gauss along 
a crystal [111] direction produced no perceptible 
shift or splitting of the field-free pattern (but did 
sharpen the lines slightly), whereas magnetic 
fields of comparable magnitude applied in cer- 
tain other arbitrary crystal directions caused 
marked changes in the absorption spectrum pro- 
ducing generally a larger number of absorption 
lines spread over roughly the same total wave- 
length interval. The absorption with a 3000- 
gauss field along a crystal [321] direction in the 
sample plane is shown in Fig. 1(d). Application 
of a larger (12 000 gauss) field along the same 
direction did not change the character of the 
pattern but compressed the splittings measurably, 
in accord with the expectation that the external 
applied and exchange fields will be antiparallel. 


124 


a 

In view of the above data, the structure of the 
observed optical transition in YbIG can be un- 
ambiguously assigned as arising from the split- | 
ting of Kramer’s doublets for Yb*** ions on 
magnetically inequivalent crystallographic sites 
through exchange interaction with the ferrimag- 
netically aligned Fe*** ions. The energy-level 
diagram for the field-free (or small field in [111] 
direction) case is given in Fig. 2. 

Polarized-light experiments with a 3000-gauss 
field along the [111] direction were also con- 
ducted. The outer lines (1, 2, 7, and 8) were 
stronger when the incident radiation was polar- | 
ized such that E was perpendicular to H ext? 
whereas the remaining lines were stronger 
when E was parallel to H,,,. These effects are 
suggestive of the ordinary Zeeman selection 
rules. 

Two features of the exchange splitting are re- 
markable: (1) the large size of the splitting, and 
(2) the large anisotropy of the splitting. Although 
the incomplete state of our knowledge of the 
crystalline fields acting on the ytterbium ion 
(and determining its ground-state wave function) 
precludes quantitative calculation of the expected 
splitting, certain properties of that ground state 
are already known from paramagnetic resonance,’ 
magnetic saturation,* and specific heat® data. 

Meyer and Harris® observe a low-temperature 
peak in the specific heat of YbIG which can be 
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FIG. 2. Energy-level diagram for Yb*** in YbIG 
indicating the transitions giving rise to the field-free 
spectrum shown in Fig. l(c). (Transition 5 seems to 
be largely forbidden in the absence of a field, but 
appears on application of a magnetic field in the sam- 
ple plane.) 
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fitted with an (isotropic) exchange splitting of 

24.4 cm~ of the lowest lying Kramer’s doublet 

of the J=7/2 state. They also analyze Pauthenet’s* 
data on saturation magnetization in YbIG to obtain 


a theoretical splitting of about 26 cm™*. Our pre- 
sent results are in full accord with these obser- 
vations, which represent in each case an average 
of the two inequivalent ground-state splittings 
distinguishable in the optical spectra. (See 

Fig. 2.) The exchange splitting is, however, two 
or three times larger than one would expect from 
extrapolation of the exchange coupling of gadoli- 
nium in the iron garnet as deduced from satura- 
tion magnetization or antiferromagnetic reso- 
nance data.* Corroborative information on the 
anomalously large exchange coupling of the Yb*** 
ion is accumulating; for instance, differences in 
the vibrational spectrum of the crystal for the 
J=5/2 and J=7/2 states of the ytterbium ion in- 
dicate that the 4f electrons are participating per- 
ceptibly in the chemical bonding. 

The large anisotropy of the exchange splitting 
is harder to understand. Paramagnetic reso- 
nance on Yb*** in yttrium aluminum garnet and 
yttrium gallium garnet indicates that the g 
factor for the two inequivalent sites differs by 
only about 3% for H,., ina [111] direction as 
compared with the 100% difference in exchange 
splitting observed here. A mapping of the ex- 
change splitting in YbIG as a function of the 
crystallographic orientation of H,,;+ will be 


carried out as soon as experimentally feasible. 

Theoretical calculations aimed at discovering 
the extent to which combined crystal field and 
exchange effects can break down the strong L-S 
coupling of this ion (destroying J as a “good” 
quantum number) are in progress. An analysis. 
of the total optical spectrum of Yb*** in the 
garnets to determine the crystal fields involved 
is also under way. It is further anticipated that 
a detailed investigation of the optical spectrum 
of other rare earth iron garnets will lead to the 
measurement of additional exchange splittings. 

We wish to acknowledge the assistance of Dr. 
R. A. Lefever, who grew the single crystals 
used in this study. We also wish to thank Pro- 
fessor R. A. Satten and Mr. S. Pollack for allow- 
ing us to use the UCLA spectrograph and for 
assisting us with its operation. 





'K. H. Hellwege and H. G. Kahle, Z. Physik 129, 
85 (1951). A. M. Hellwege and K. H. Hellwege, Z. 
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PARAMAGNETIC RESONANCE OF EXCHANGE-COUPLED Cr** PAIRS IN RUBY 


L. Rimai, H. Statz, M. J. Weber, and G. A. deMars 
Research Division, Raytheon Company, Waltham, Massachusetts 


and 


G. F. Koster 
Massachusetts Institute of Technology, Cambridge, Massachusetts 
(Received January 4, 1960) 


We have investigated the paramagnetic reso- 
nance spectrum of ruby (Cr-doped Al,O,) crys- 
tals with concentrations of Cr** between 0.05 
and 1.0% by weight. In addition to the Cr** lines, 
a very large number of weak lines are observed 
inthe more concentrated samples. We believe 
that many of these weak lines arise from exchange 
coupling between neighboring chromium ion pairs.’ 

Measurements have been made at both 10 and 
16 kMc/sec in various ruby samples. More de- 





tailed investigations were carried out using a 
crystal with 0.6% Cr** and a frequency of 15.74 
kMc/sec. Comparison of the various crystals 
showed that the additional spectrum was strongly 
concentration dependent. Furthermore, the in- 
tensity of this additional spectrum was about 
what would be expected from Cr** ion pairs oc- 
cupying neighboring lattice sites. The intensity 
of the lines reported below as measured in the 
0.6% sample was ~1% of that of the isolated Cr** 
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lines. pair of the form: 
In ruby, nearest-neighbor cations occupy lat- . . wie aa a —* 
tice sites on lines parallel to the hexagonal c H=D(S_,°+S_,°)+ BH: (S, +8,)+J8,°S, 


axis having a distance of 2.73 A. From the anti- os 
+J (S,-S. -3S e ). (1) 


ferromagnetic properties of Cr,O,, one expects 2°12 21 
these nearest-neighbor pairs to be coupled anti- 


2 











ferromagnetically. Thus an S=0 state with no The first two terms are the sum of the spin 
paramagnetic resonance will be lowest and will Hamiltonians for the individual Cr** ions; the 

be the only one occupied at sufficiently low tem- third term is the isotropic exchange coupling; 
peratures. To select the spectrum of such pairs the fourth term arises from dipolar and lowest 
from the great multitude of obser ved lines, we order anisotropic exchange interactions. We 
focused our attention on those lines which de- assume that JS,- s, is the largest term by orders 
creased in intensity with decreasing temperature of magnitude; hence we may diagonalize the 

and which showed a symmetric behavior as yA Hamiltonian first using this term alone. This 
function of the angle @ between the magnetic field yields eigenstates of the total spin of S=3, 2, 1,0 
H and the crystalline c axis. In Fig. 1 we show having energies with respect to the ground state 


a portion of the paramagnetic resonance spec- 
trum at three temperatures which exhibit a 
temperature-dependent line near 7 kilogauss for 
@=9°. All lines studied which decrease with de- 
creasing temperature are listed in Table I with 
the value of H for resonance at @6=0. Several 
different temperature dependences are found; 
some lines decrease in intensity rapidly with 
temperature, by about a factor of 2 between 290°K 
and 260°K. Another set of lines decreases by 
about a factor of 2 between 290°K and 193°K. 
There is one line which first increases with tem- 
perature, reaches a maximum at about 200°K, — 
and then decreases. We refer to these three --- 270°K 
temperature dependences in Table I as “fast,” ~—- 250° K 
“medium,” and “slow.” In the present study, 
other lines which decrease only at temperatures 
below that of liquid nitrogen have been omitted. | it | | | J 
All the lines listed have been found to show a Ne | eS 





Derivative of Absorption 




















symmetric behavior with respect to the angle 6. H(K gous) 
For the theoretical analysis of these lines we FIG. 1. Superposition of absorption spectra show- | 
begin with a Hamiltonian for a z-oriented Cr-Cr ing a line decreasing with temperature. 


Table I. Positions of observed lines and their assignments 





Observed lines Temperature Assignment Theoretical position 
(kilogauss) variation S Initial and final m (kilogauss) 








1.77 medium 2 (2, 1) 3.2 

4.15 fast 3 (-2, -3) 3.9 (4.10) 

4.29 slow 1(?) (0, -1) 2.0 

4.44 fast 3 (-1, -2) 4.6 (4.48) 

4.67 2 (1, 0) 4.9 

4.98 fast 3 (0, -1) 5.3 (4.92) 

6.31 fast 3 (1, 0) 6.0 (6.31) 

6.62 medium 2 (0, -1) 6.4 
6.75 fast 3 (2, 1) 6.7 (6.75) 

7.14 fast 3 (3, 2) 7.3 (7.14) 
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§=0 of 6J, 3J, and J, respectively. The remaining degeneracies are removed by the other terms in 


the Hamiltonian (1). 


From the above model the temperature dependence of the paramagnetic resonance lines between 
substates of the S=3 multiplet should have the following temperature dependence: 


A(T) = 


exp(-6J/kT) - exp| -(6J+hw)/kT | 


(2) 





If we assign the lines which decrease “fast” to 
transitions within the S=3 multiplet, we obtain 
J~250 cm. Similarly, for the “medium” lines 
we obtain the same J value if we assign them to 
transitions within the S=2 multiplet. For the 
“slow” line the data are not sufficient to deter - 
mine a J value; however, they do not appear to 
be inconsistent with an S=1 assignment. In view 
of the average exchange constant determined 
from the antiferromagnetic transitions in Cr,0O,, 
the present J value for the nearest-neighbor 
pairs is not unreasonable. 

A comparison has been made between the ex- 
perimental data and a spectrum calculated from 
(1) using a constant D value? of -5.79 kMc/sec 
and adjusting J, to obtain a best over -all fit. 

The positions of the calculated lines for Jz =1.5 
kMc/sec are given in Table I. The rather large 
discrepancies between theory and experiment 
cannot be attributed solely to a different value of 
D for a Cr**+ -Cr** pair as compared to that for 

a single ion. This is because the level separa- 
tions within each S multiplet depend only on a 
single linear combination of D and J,. Apparently 
higher order exchange terms have to be included. 

To reduce the remaining discrepancies we may 
introduce phenomenologically higher order diag- 
onal exchange terms. This we do for S=3 by 
writing down the field dependence of the energies 
of the seven sublevels as determined from three 
experimentally measured transitions (6=0): 


E+3=-9.33 kMc/sec + 3g8H, 
E +2=-5.07 kMc/sec + 2g8H, 
E+1=-1.91 kMc/sec+g6H, 


E,=0. (3) 


The remaining three transitions are calculated 
from (3) and the results are given in parentheses 


in Table I. The residual differences between the 


1+3 exp(-J/kT) +5 exp(-3J/kT) +7 exp(-6J/kT) * 





measured and calculated data indicate the pres- 
ence of off-diagonal matrix elements of the order 
of 1 kMc/sec resulting from higher order ex- 
change terms. Note that the additional diagonal 
matrix elements introduced in (3) are of the same 
order of magnitude; however, they appear in first 
order perturbation theory while off-diagonal ele- 
ments enter only in second and higher order. 
Using the zero-field splittings of Eq. (3), we 
have obtained the eigenvalues of the 7x7 matrix 
describing the S=3 multiplet for magnetic fields 
making an angle @ with the crystalline c axis. 
The theoretical and the experimental values are 
plotted in Fig. 2. Unfortunately it is rather dif- 
ficult to obtain good experimental data. This 
accounts for the fact that we have not yet meas- 
ured the angular dependencies of all the transi- 
tions. From second order perturbation theory 
it is apparent that the theoretical curves depend 
very critically on energy denominators £; -E j 
and also on the matrix elements of S,, +S,, be- 
tween the various m, substates. The agreement 
between the calculated curves and experimental 
points provides supporting evidence that the 
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FIG. 2. Calculated and experimental angular de- 


pendence of absorption lines in the S=3 multiplet. 
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assignment given is indeed correct. 

From an examination of the resonance spec- 
trum in the liquid nitrogen to helium temperature 
range, other antiferromagnetically coupled pairs 
with smaller exchange constants appear to be 
present. In addition there is evidence for the 
existence of ion pairs coupled by weaker ferro- 
magnetic exchange. Further work is being done 
to confirm the present assignment by introducing 
higher order exchange terms into Eq. (1) and to 
study the interactions between other chromium 
neighbors. A further study of these interactions 
should also provide a firmer basis for the theory 


——_—_ 


of spin relaxation phenomena in concentrated 
crystals. 

We thank Dr. S. Aisenberg for independent 
measurements of the pair spectrum at 10 kMc/ 
sec and Miss W. Doherty for her help in the 
computations. 





‘a. L. Schawlow, D. L. Wood, and A. M. Clogston, 
Phys. Rev. Letters 3, 271 (1959), have proposed a 
similar explanation to account for the existence of satel- 
lite lines in the optical spectrum of Cr** in Al,0;. 

*J. E. Geusic, Phys. Rev. 104, 324 (1956). 





DOUBLE-QUANTUM ELECTRON SPIN RESONANCE TRANSITIONS OF 
NICKEL IN MAGNESIUM OXIDE* 


J. W. Orton, P. Auzins, and J. E. Wertz 
University of Minnesota, Minneapolis, Minnesota 
(Received December 21, 1959) 


We have examined the electron spin resonance 
spectrum of Ni*? as an impurity in single crys- 
tals of MgO at X band and wish to report the ob- 
servation of a double-quantum absorption be- 
tween the Sz = -1 and Sz =+1 levels. 

The Ni*? ions are present in approximately 
cubic crystal surroundings, the ground state 
having effective spinS=1.' At 77°K the spectrum 
consists of an isotropic broad line (50 gauss be- 
tween points of maximum slope) with a sharp 
line (2 gauss peak to peak) superimposed on its 
center. The width of the broad line may be 
attributed to the presence of small distortions 
in the MgO lattice; the sharp line has a width 
similar to that of lines from other impurity ions 
in the same crystal. 

At low microwave powers the sharp central line 
is found to be inverted (i.e., the derivative of the 
absorption curve has a 180° phase shift relative 
to all other lines; displayed directly on an oscil- 
loscope, the absorption curve shows a “dip” at 
the center of the broad line). The line inversion 
at low powers is an effect which is probably not 
directly connected with the double-quantum trans- 
sitions discussed here. As the power is in- 
creased, this inverse line is reduced in ampli- 
tude and then changes to the normal “positive” 
line which we interpret as arising from the si- 
multaneous absorption of two quanta, the absorb- 
ing ions being excited from the S, = -1 to the 
S, =+1 state. If this interpretation is correct, 
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the intensity of absorption is expected to in- 
crease with the square of the microwave power 
and this we observe over the range of powers at 
present available to us.?, The inversion of the 
line at low powers is probably due to another ef- 
fect. We are engaged in attempts to elucidate 
this phenomenon which we have not found de- 
scribed elsewhere. 

It may be noted that the phenomenon of multi- 
ple-quantum absorption by ions in a cubic field 
would be expected to occur for any system having 
effective spin S =1 or 3/2 (for S>3/2 the situation 
is modified by the existence of a cubic field split- 
ting) but in our case the inhomogeneous broaden- 
ing of the 4M =1 transitions provides particularly , 
favorable conditions for its observation. The 
effect of small departures from exact cubic 
symmetry is to split the S, = 0 from the Sz =+1 
levels, shifting the 4M =1 transitions slightly. 
The separation of the Sz = -1 and Sz =+1 levels 
in a magnetic field is affected only to negligible 
extent. 

As a further test of the “double-quantum” in- 
terpretation of the sharp line we arranged our 
samples to be situated simultaneously in two 
microwave fields having slightly different fre- 
quencies and looked for simultaneous absorption 
of one quantum of each.* This was achieved by 
using a rectangular resonant cavity, not quite 
square in cross section, excited in its two TE, 
modes. The samples were mounted along the 
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FIG. 1. Signals detected in arms A (upper trace) 
and B (lower) of the dual frequency spectrometer (i.e., 
bimodal cavity coupled to independent waveguide sys- 
tems). The lines A and B are attributed to double- 
quantum absorption at frequencies v4 and vp, respect- 
ively, and AB to simultaneous absorption of one quan- 
tum of each. 
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vertical edges of the cavity where the two micro- 
wave fields are parallel. In the experiment the 
two frequencies were found to differ by 48 
Mc/sec, i.e., v4 =9.263 kMc/sec, vp=9.311 
kMc/sec. Two independent klystrons and wave- 
guide systems were used and the reflected power 
in either arm could be detected. 

In Fig. 1 the signals detected in the two arms 
are plotted side by side as the steady magnetic 
field was swept through the same range. The 
lines A and B arise, respectively, from absorp- 
tion of quanta at the two resonant frequencies 
v4 and vp, their separation (15.5 gauss) being 
consistent with the observed values of the fre- 
quencies. The line AB occurs, within the ex- 
perimental error, exactly midway between A 


a S.* +| 
y 
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FIG. 2. Schematic representation of the double- 
quantum transitions of Ni** in MgO. The S, =0 level 
is omitted to avoid confusion. 


and B and appears only when both klystrons are 
operating. This suggests that it is due to the 
absorption of one quantum of each frequency. 
(See Fig. 2.) It should be mentioned that this 
line remained “positive” even when the power 
levels were reduced so that both A and B became 
inverted. In the upper trace the weak line to the 
high-field side of AB is due to a small amount of 
power at frequency B being coupled out through 
waveguide A, the system behaving as a trans- 
mission rather than reflection type. 

Low‘ observed the spectrum of Fe*? in MgO to 
consist of a sharp line superimposed on a broad 
one and it seems reasonable to suppose that the 
interpretation will follow lines similar to the 
above as both systems have effective spin S =1. 

It is a pleasure to acknowledge helpful discus- 
sions with Dr. T. M. Sanders. 





“This research has been supported in part by the 
Air Force Office of Scientific Research. 

'W. Low, Phys. Rev. 109, 256 (1958). 

*Sorokin, Gelles, and Smith, Phys. Rev. 112, 1513 
(1958). A list of references to other work is included 
in this paper. 

3An experiment of this type was first performed in 
electric quadrupole resonance by L. Grabner and V. 
Hughes, Phys. Rev. 82, 561 (1951). 

‘W. Low, Ann. N. Y. Acad. Sci. 72, 69 (1958). 
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Spin-lattice relaxation times have been meas- 
ured at low temperatures in a sphere of yttrium 
iron garnet (YIG) grown using the highly purified 
yttrium oxide.’ The final polish was Linde-A. 
The observations indicate the existence of an 
additional process whose nature is not included 
in present theories? of low-temperature spin- 
lattice relaxation. These theories indicate spin- 
lattice relaxation times of the order of a second 
at 1°K and an exponential temperature dependence 
of the inverse spin-lattice relaxation times. Our 
measurements yield a spin-lattice relaxation 
time of approximately 1.5x10~° sec at 2.5°K and 
a linear temperature dependence of the recipro- 
cal relaxation time. Since the concentration of 
rare earth impurity ions has been greatly re- 
duced, the low-temperature linewidth maximum 
has been almost eliminated.’ Consequently, 
attempts can now be made to relate the measure- 
ments to the ferric ion lattice. At present, how- 
ever, the evidence is not sufficient to conclude 
definitely that we are observing relaxation due 
to the ferric ion lattice alone. 

A technique** is used in which the microwave 
source at ferromagnetic resonance is frequency 
modulated at a frequency much lower than 1/7,, 
T, being the spin-lattice relaxation time. The 
resultant modulation in M, induces a voltage in 
a pickup coil around the sample. At a fixed 
modulation frequency, the second harmonic of 
this voltage is proportional to AM, which de- 
pends on the power absorbed by the sample and 
upon 7,. Thus, measuring the relative second- 
harmonic voltage in the coil vs T and ,’’ vs T 
yields the value of T7,. The magnitude of the 
applied rf field hk is essentially constant during 
the modulation and at all temperatures. The 
measurements were made for h<ho,jt in every 
case. 

Because the modulation frequency is lower 
than 1/T,, the magnetization follows the modula - 
tion with no phase lag and the steady state dis- 
cussion in reference 4 applies. We then have 


7, =37,[1+D(T /T,,)); (1) 


1k’ 2k 





where 7, is the measured spin-lattice relaxation 
time, T, is the measured spin-spin relaxation 
time, 79, is the coupling time from the principal 
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SPIN-LATTICE RELAXATION IN YTTRIUM IRON GARNET 


E. G. Spencer and R. C. LeCraw 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received December 21, 1959) 


mode to the kth spin mode, T,, is the relaxation 
time of the principal mode directly to the lattice, 
and T,, is the relaxation time of the &th spin 
mode to the lattice. In the absence of spin-wave 
excitation it follows that 


2T, =T,. (2) 


Figure 1 shows 1/T, vs T from 2.4° to 30°K, 
measured at 9340 Mc/sec. It is convenient to 
compare 1/yT7,, in oersteds, with the measured 
linewidth AH =2/yT, (full width between half 
x” values). We have then 1/y7,=44 milli- 
oersteds at 2.5°K compared to a measured 4H 
=2/yT,=140 millioersteds. It may be concluded 
that the 96 millioersteds difference results from 
scattering into spin waves by surface and volume 
imperfections. This discussion is given to em- 
phasize that the measured 7, is the net spin- 
lattice relaxation of the spin waves and the uni- 
form precession. 

In these crystals of YIG, grown from the high- 
purity yttrium oxide, a certain amount of the 
low-temperature linewidth maximum is still 
present. By examining the AH(T) curve in refer- 
ence 1 for a sample in which the rare earth im- 
purity linewidth predominates at 39°K, we ob- 
tain the shape of the low-temperature linewidth 


maximum due to the impurity spin-lattice relaxa- 


tion. Using this shape factor and normalizing 
| 
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FIG. 1. The upper curve shows the experimental 
values of 1/7; vs T for yttrium iron garnet. The 
lower curve shows the residual relaxation after sub- 
tracting off the estimated rare earth impurity contri- 
bution. 
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to the high-purity sample, a conservative esti- 
mate is that at no point on the curve is more 
than one-third of 1/7, due to the rare earth im- 
purities. In the figure this contribution to 1/7, 
is subtracted from the experimental curve to 
yield a curve of the residual relaxation. The 
lower curve is then our closest approach to the 
spin-lattice relaxation time of the ferric ion 
lattice alone as a function of temperature. 


'E. G. Spencer, R. C. LeCraw, and A. M. Clogston, 
Phys. Rev. Letters 3, 32 (1959). 

"Elihu Abrahams and C. Kittel, Phys. Rev. 88, 1200 
(1952). C. Kittel and Elihu Abrahams, Revs. Modern 
Phys. 25, 233 (1953). 

5R. C. LeCraw, R. C. Fletcher, and E. G. Spencer, 
1959 Detroit Conference on Magnetism and Magnetic 
Materials (to be published). 

‘R. C. Fletcher, R. C. LeCraw, and E. G. Spencer, 
Phys. Rev. (to be published). 





LOW-TEMPERATURE NEUTRON MODERATION 


Lyle B. Borst 
New York University, University Heights, New York, New York 
(Received December 28, 1959) 


Experimental studies show inelastic scattering 
of very low energy (0.005 ev) neutrons from 
water at laboratory temperatures.’ The occur- 
rence of two satellite lines displaced 0.0007 ev 
from the exciting line is of considerable theo- 
retical as well as empirical interest. The in- 
dependent observation of an energy level in the 
microwave spectrum of water vapor supports 
the neutron measurements. 

The spin flip in molecular hydrogen is the 
principal mechanism accounting for the large 
incoherent cross section. Early measurements 
on the ortho and para forms showed that these 
interactions were not very different for the liquid 
as compared to the gaseous state. The ortho- 
para transition requires a change in rotational 
quantum number as well as reorientation of one 
proton spin. The transition energy is 0.0075 ev. 
Considering water to have analogous ortho and 
para states, the transition energy will be in- 
versely proportional to the moment of inertia of 
the molecule. The largest moment of inertia of 
water is 7.2 times that of hydrogen, giving a 
transition energy of 0.001 ev. The dense environ- 
ment tends to shift transitions measured in the 
gaseous state to low energy and is thought to 
account for the 30% difference between the pre- 
dicted and observed values. 

The importance of these measurements and 
this interpretation for neutron moderation is 
great, since this is the only well-defined mech- 
anism for moderating neutrons to temperatures 


of a few degrees Kelvin. The usual moderation 
mechanism of coherent scattering from free or 
bound atoms disappears at the Bragg cutoff for 
graphite, beryllium, and probably for heavy ice. 
Phonon scattering is strongly temperature de- 
pendent. Liquid helium has an extremely small 
scattering cross section. The incoherent scat- 
tering of hydrogen seems to be one of the few 
interactions which can be depended upon. Since 
the hydrogen atoms will be strongly bound, their 
effective mass will be large and the fractional 
energy transfer in an elastic process will be 
small. 

Spin-flip scattering inducing rotational transi- 
tions in polyhydrogen molecules appears to be 
an inelastic process whose transition energy can 
be controlled by the proper choice of molecule. 
Molecular hydrogen should be effective to tem- 
peratures somewhat less than 100°K; water, 
<10°K; acetylene, <1°K. Methane and higher 
hydrocarbons should provide a multiplicity of 
interactions particularly appropriate to the prob- 
lem. 

An estimate of the inelastic process as com- 
pared to elastic scattering’ gives a ratio of 
cross sections of about ten. The inelastic cross 
section is, therefore, 8 barns for HO,,. at room 
temperature. 





D. J. Hughes, H. Palevsky, W. Kley, and E. Tun- 
kelo, Phys. Rev. Letters 3, 91 (1959). 
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DISTORTED WAVE EFFECTS IN STRIPPING 
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(Received January 4, 1960) 

As part of a detailed study of the Si**(d, p)Si*® The distorted-wave formalism is most con- 
reaction, measurements of the (p, y) angular veniently parametrized by the statistical tensors 
correlations for the reactions Si**(d, py)Si*® (1.28 for the reaction defined by 
Mev) and Si** (2.03 Mev) have been made in the p. (il’) 

(d, p) reaction piane with the protons detected on kq 

the observed peak of the 1, =2 stripping angular -> (- 1)" -m' —— '\kq)B, 2 yt (1) 
distributions. It has been found possible to fit mm’ I’m’ 

the data assuming distorted-wave stripping and 

the formalism of Huby, Refai, and Satchler.’ where the matrix elements are defined by 

The measurements on the 2.03-Mev state alone 
yield four real experimental parameters; these Bim =(21+1) Hy | lu, i y, mY, V pial” (2) | 
are enough to enable the statistical tensors for 

the reaction, as defined in reference 1, to be with subscripts n, p, and d referring to neutron, 
determined for each energy. These siatistical 

tensors, in terms of which the magnitude of the T 1 1 , 1 - T : 
proton polarization as weil as the general py 

angular correlation function over the entire sphere si*(d.py) Si 

can be expressed, are then used to compute the 260 ts tanenen 
angular correlation of the 1.28-Mev radiation, 

yielding results in good agreement with experi- 








ment and thus supporting the expectation of Huby 
et al. that the matrix elements are essentially 
independent of the detailed nuciear structure of 
the final state. 

It should be emphasized that the analysis de- 
scribed herein is not possible for p-wave neutron 
capture or capture to states of j<3/2. In these 
cases (as illustrated by the 1.28-Mev case re- 
ported), correlation measurements in the reac- 
tion plane alone do not suffice to determine the 
statistical tensors, and must be supplemented by 
correlation measurements in other geometries 
or by proton polarization measurements. These 
restrictions have appiied to almost ail of the 
previously reported (d, py) correlation measure- 
ments, the majority of which were carried out 
in the nuciear p shell. 

Typical angular correlation data for the E2 de- 
excitation radiation from the 2.03-Mev state are 
illustrated in Fig. 1. These data are weil repre- 
sented by the correlation function, 


W(o) = 2A, cosin(> - *_ mE 

























with n =0, 2,4. Vaiues of the parameters ob- FIG. 1. Si?8(d, py)si® (2.03 Mev) angular correla- 
tained in a least-squares fit of the data are listed tions measured in the reaction plane with the protons 
in Table I. The plane-wave Born approximation detected on the 1, =2 stripping peak. Values of Eq 
prediction’ is listed in the iast row for compari- are indicated. The solid curves are the fitted expan- 
son. sions in W(¢) = >) Ay cosin(¢ - ay »)) with n=0, 2,4. 
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Table I. Values of parameters in the expansion 
W(¢) =X An cosln(> - a »)). 

















a a O22 Ou 

Eq A,/Ag A,/Ag (0) (0) 
6.1 0.16+0.03 -0.1240.03 5649 5945 
6.75 0.20+0.05 -0.22+0.03 70+7 69+4 
7.0 0.22+0.03 -0.1620.03 74+3 7922 
8.0 0.1940.02 -0.24+0.02 5745 68242 
8.6 0.18+0.04 -0.24+0.05 40+12 60+4 
9.0 0.18+0.04 -0.26+0.02 75+4 62+2 
Plane-wave 

theory 0.24 -0.29 58-63) 58-632 








@8The experimental coefficients have been corrected 
for finite apertures. 
he plane-wave theory predicts symmetry about 
the nuclear recoil axis. This axis varies from 63° 
for Eqg=6.1 Mev to 58° for E7=9 Mev. 


proton, and deuteron, respectively. For d-wave 
neutron capture, it can be readily shown’ that 
the B’s contain 4 real independent parameters. 
The statistical tensors obtained from the 2.03- 
Mev data are plotted in Fig. 2(a), 2(b), and 2(c) 
together with the plane-wave limit (dashed line). 
The phases of the Pq are obtained directly from 


- “tap 

Page 'Ppq'é ., (3) 
where a@,, and @,, are given in Table I. Simple 
relations exist which relate p,, and p,, to the 

Pq given.’ In addition, a cubic relation exists 
between P25, |f..!, and |p,,|; this is reflected 

in the presence of two roots of possible physical 
significance, hence two sets of statistical tensors 
for Eq <7 Mev. 

Figure 2(d) shows the a,, phase predicted for 
the 1.28-Mev case (m=0, 2) as a band, the plane- 
wave limit as a dashed line, and the measured 
a... The second measurement at 9 Mev was 
reported previously by Allen et al.* In this case, 
the predicted value is obtained immediately as 
the measured a,, phase for the 2.03-Mev case. 

The predicted value of A,/A,, shown as a band 
in Fig. 2(e), is computed using the multipole 
amplitude ratio, E2/M1=0.21+0.03,* for the 
1.28-Mev radiation. The uncertainty in this 
prediction is mainly due to the uncertainty in 
the multipole mixture (which enters as a multi- 
plicative constant) so that the variation with 
energy is predicted much more accurately than 
the magnitude. The energy variation is suffi- 
ciently different for the two cubic roots noted 
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FIG. 2. Statistical tensors for the reaction 
Si°®(d ,py)Si*® (2.03 Mev) are shown in (a), (b), and 
(c) together with the plane-wave limit (dashed lines) . 
The correlation function parameters for the 1.28-Mev 
radiation consistent with the statistical tensors are 
shown in (d) and (e) (bands) together with the plane- 
wave limit (dashed lines). The same parameters, 
measured directly, are shown as data points. The 
triangular points are from reference 3. 


previously, to permit the exclusion of one as 
extraneous. This root, represented by squares 
in Fig. 2, predicts larger |A,/A,! for Eg <7 Mev 
than for Eqg>7 Mev, contrary to the experimental 
data. 

For Eqg>T7 Mev the predicted polarization and 
azimuthal correlations are consistent with the 
plane-wave limit while for Eg <7 Mev significant 
deviations are predicted. 

Measurements of the 1.28-Mev angular cor- 
relation in the reaction plane, reported herein, 
are consistent with the predictions of the dis- 
torted-wave theory. Apart from a single meas- 
urement, made at 9 Mev, of the azimuthal angu- 
lar correlation of the 1.28-Mev radiation,® which 
showed anisotropy somewhat larger than that 
predicted, the consistency of the analysis is 
within the experimental errors. 

The observed systematic trend of the statisti- 
cal tensors approaching the plane-wave limit as 
the incident energy is increased is consistent 
with the fact that with increasing energy the 
Coulomb and nuclear forces are expected to have 
less effect in distorting the deuteron and proton 
waves. The lack of dependence of the statistical 
tensors upon the details of nuclear structure is 
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in accord with prediction.' 

A more complete description of this analysis 
including detailed predictions of the polarization 
and azimuthal correlations, together with ex- 
citation function and proton angular distribution 
data, will be presented in a later more extensive 
publication where compound-system direct-inter - 
action interference effects will also be discussed. 

The authors are indebted to G. R. Satchler and 
H. McManus for discussions concerning this 
analysis. 


———__ 








‘Huby, Refai, and Satchler, Nuclear Phys. 9, 94 
(1958). 

*Biedenharn, Boyer, and Charpie, Phys. Rev. 88, 
517 (1952); L. J. Gallaher and W. B. Cheston, Phys. 
Rev. 88, 684 (1952); G. R. Satchler and J. A. Spiers, 
Proc. Phys. Soc. (London) A65, 980 (1952). 

allen, Collinge, Hird, Maglic, and Orman, Proc. 
Phys. Soc. (London) A69, 705 (1956). 

‘G. McCallum (private communication); G. McCallum | 
and A. E. Litherland, Bull. Am. Phys. Soc. 5, 56 
(1960). 








ELECTRON PAIR PRODUCTION AT HIGH ENERGY IN A SILICON SINGLE CRYSTAL 


G. Bologna, G. Diambrini, and G. P. Murtas 
Laboratori Nazionali di Frascati del Comitato Nazionale per le Ricerche Nucleari, Frascati, Italy 
(Received December 29, 1959) 


The cross sections for bremsstrahlung and 
electron pair production by high-energy primar - 
ies, interacting with the nuclei in a single crys- 
tal, have been calculated by Uberall’’? in the 
Born approximation, and critically examined by 
Schiff.* 

Experiments concerning the bremsstrahlung 
from single crystals have been performed by 
Panofsky and Saxena‘ and by Frisch and Olson.® 

In this Letter we present the preliminary re- 
sults of an experiment on electron pair produc- 
tion in a silicon single crystal using the Frascati 
1-Gev electron synchrotron y-ray beam. 

The y-ray beam from the electron synchrotron 
passes through a lead collimator, whose aper- 
ture is 0.8x107° radian; the beam, enclosed in 
a vacuum pipe, then passes through the gap of a 
broom magnet. The beam then enters the vac- 
uum chamber of a pair spectrometer, at the 
entrance of which is located the silicon single 
crystal in the form of a plate 18 mm in diameter 
and 0.08 mm thickness (corresponding to 8.5 
x10~ radiation length). The crystal axis [100] 
is perpendicular to the plate within +1°; the 
crystal is used at room temperature. 

The symmetrical electron pairs produced in 
the crystal by photons of central energy 910 Mev 
are selected by the pair spectrometer and de- 
tected by means of two plastic scintillators 
viewed by two 6810A phototubes placed outside 
the spectrometer at the distance of 1 m from the 
pole edge. 

The signals are taken in prompt and delayed 
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coincidence with a resolving time of 610° sec. 

The momentum range accepted by the scintil- 
lators is 60 Mev/c. 

The experiment consists in measuring the 
number N(é@) of symmetrical pairs per fixed 
number of monitor units as a function of the 
angle @ between the crystal axis [100] and the 
photon direction. 

The energy in the beam is monitored by means 
of a Wilson quantameter.* We use 6 x10'° equiv- 
alent quanta for each period of counting. The { 
beam intensity after the extreme collimation 
used in this experiment is 3 x 10° equivalent 
quanta /minute. 

Under these conditions the number of prompt 
coincidences in each measurement is of the order 
of N ~50000 counts of which about 3.5% are ran- } 
dom coincidences. 

In Figs. 1(a) and 1(b) are represented the ex- 
perimental results relative to rotation of the 
single crystal about the horizontal and the verti- 
cal axis, respectively. 

The points of the figures are given by 





£(6) =[N(@) - N(0)]/N(0), (1) 
where 


N(6) =N (6) -[N (6) +(N,, -N (2) 


ba)! > 
Np (9) and Nq(@) being the number of prompt and 
delayed coincidences due to the single crystal 
and Npp, Nog the same quantities due to the back- 
ground without crystal. 
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FIG. 1. Relative variation of the electron pair production cross section in silicon single crystals (7 = 293°K), 


versus 6 (the angle between the y-ray beam and the crystal axis [100]). 


The electron energy (for equipartition) 


is E,=455+30 Mev. The continuous curves of the figures represent n(@) given by (3), while the experimental 
points represent £(@) given by (1), expressed in percent. The statistical error of each measurement is +0.7%; 


this is also indicated for some points. The different runs are indicated by the legend in the figures. 


Figures 


1(a) and 1(b) refer to rotation of the angle 6 about the horizontal axis and vertical axis, respectively. 


The continuous curves in Figs. 1(a) and 1(b) are 
given by 


[@ (8) + ®, \(1 + $67) - [& (0) + ®,] 
@ (0)+¢@ , 
n e 





7(@) = (3) 


$,(@) and ¢g being quantities proportional to the 
pair production cross section in the field of the 
nucleus and electron, respectively. We have 


@ (6) =[y? + (1 -»)? ][¥,° + ¥,°(6/5)] 


+ y(1 -y)[¥2° + ¥2°(0/5)], (4) 


where y =E,/K =0.5, E, =455-Mev central energy 
(for equipartition) of the electrons, and K =910- 
Mev central energy of the photons. 

_ The functions 7,°, ¥,°, ¥,°, ¥2° are given by 
Uberall? in the complete screening approxima- 
tion; their numerical value has been calculated 
from the following data: 


Z =14=atomic number; 
p=5.42 A=lattice spacing along the axis [100]; 
T =293°K =room temperature; 

67 =645°K = Debye temperature’; 


6 =(mc? /2K)|1/y(1 -y)]=minimum momentum 
transferred to the nucleus in units of mc 
(mc? is the electron rest mass). 


As far as the contribution of the atomic elec- 





trons is concerned, we obtain from the Wheeler - 
Lamb formula’: 

*, (1.33/Z)@ 
# py being proportional to the Bethe-Heitler 
pair production cross section® in the field of the 
nucleus. We then take #, as given by a non- 
crystalline target. 

In (3) the factor (1+ $6") is considered to take 
into account the variation of the number of pairs 
with the variation of the effective crystal thick- 
ness due to the rotation of the angle @ (<0.07 
radian). 

As we can see, the experimental results are in 
good agreement with the Uberall calculation. 
Measurements concerning dependence of the ef- 
fect on the photon energy are also in progress. 





'H. Uberall, Phys. Rev. 103, 1055 (1956). 

2H. Uberall, Phys. Rev. 107, 223 (1957). 

3L. I. Schiff, Phys. Rev. (to be published). 

‘w. K. H. Panofsky and A. N. S. Saxena, Phys. 
Rev. Letters 2, 219 (1959). 

50. R. Frisch and D. H. Olson, Phys. Rev. Letters 
3, 141 (1959). 

®R. R. Wilson, Nuclear Instr. 1, 101 (1957). 

™p. Flubacher, A. J. Leadbetter, and J. A. Morri- 
son, Phil. Mag. 4, 273 (1959). 

83. A. Wheeler and W. E. Lamb, Phys. Rev. 55, 
858 (1939). 

*H. Bethe and W. Heitler, Proc. Roy. Soc. London 


A146, 83 (1943). 
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OBSERVATIONS ON THE GENERAL SOLAR PLASMA INSTABILITY 


L. Reiffel 
Physics Division, Armour Research Foundation, Chicago, Illinois 
(Received December 14, 1959) 


The time-dependent behavior of cosmic rays 
associated with solar flares has led to the sug- 
gestion that the inner solar system is surrounded 
by a thick diffusive cosmic-ray barrier.’ Re- 
cent discussions of the outward streaming solar 
plasma or “solar wind” identify this barrier with 
the onset of instabilities in the solar plasma 
streams.”** From the available experimental 
information, which is quite limited, and primar- 
ily data on the ¢~** time dependence coupled with 
onset time measurements for cosmic-ray in- 
creases of solar origin, one infers a barrier 
starting somewhere beyond the orbit of the earth 
between one and two A.U. (1 A.U.=earth-sun 
distance = 1.5 x10"° cm) from the sun and extend- 
ing to perhaps five A.U. Treatments of solar 
plasma instability do not provide a theoretical 
basis for accurately fixing the boundaries of this 
disordered region. Inside the disordered region 
however, the magnetic field is usually pictured 
to be smooth and radial although the vanishing 
of the plasma-extended field of the solar dipole 
on the equatorial plane complicates matters 
some what. 

Nothing can be said, at present, about possible 
large departures from spherical symmetry for 
the region of magnetic instability which may 
exist especially in regions at high angles with 
respect to the solar equatorial plane. Obviously, 
it would be highly desirable to obtain additional 
data on the general nature of the “barrier” or 
“solar plasma instability” which phrases we shall 
use interchangeably. It is suggested that infor - 
mation concerning the existence and geometry 
of the plasma instability may be obtained using 
occasional very intense solar streams them- 
selves as probes, relying on enhanced electro- 
magnetic emission as an indicator of the onset 
of instability or interaction between the plasma 
and the disordered field barrier. The time de- 
pendence of such emission, if it ‘can be detected, 
combined with magnetic storm data would pro- 
vide dimensional information on the barrier, 
while intensity and energy measurements would 
provide information on the efficiency of energy 
exchange processes such as those outlined below. 
Effectively, one would observe the point where 
the plasma streams themselves become turbulent 
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and contribute to the disordering of the field. 
As has been remarked by Parker, it is not yet 
possible to treat, in detail, the hydromagnetic 
processes which are expected to occur as a uni- 
form plasma penetrates a disordered region of 
field and plasma; our arguments wiil therefore 
be only qualitative. The anticipated enhancement 
of electromagnetic emission would be the result 
of an exchange of energy between the protons of 
the solar plasma stream and the accompanying 
electrons in the region of hydromagnetic turbu- 
lence. Ignoring thermal energies and the possible 
presence of higher Z components, we note that 
an outward moving and very intense solar siream' 
might contain 10° protons/cm* as it passes the 
earth moving with a radial (heliocentric) velocity 
of the order of V,=1.5x10* cm/sec correspond- 
ing to an energy of ~11 kev per particle. Elec- 
trons moving along with the stream velocity will 
carry a negligible portion of the total stream 
power. A typical stream is usuaily pictured as 
a portion of a spherical shell subtending a helio- 
centric angle of about 45 degrees with a thick - 
ness of some 10” cm (as inferred from the ~10- 
second duration of the first phase of magnetic 
storms) and having a volume of ~ 10°? cm®. When 
such a stream becomes unsiable as it begins 
penetration of the barrier, a variety of mechan- 
isms are available to transfer energy from the 
protons to the electrons. Veksler® has qualita- 
tively described a process during which a piasma 
moves into a nonuniform magnetic field which 
results in such an energy exchange. Similar 
mechanisms have been invoked by Kellogg® and 
Winckler’ et al. in discussions of auroral x rays 
which are presumed to be produced by such a 
local acceleration followed by bremsstrahlung 
processes. Relatedly, Kahn® and Parker® have 
suggested that plasma oscillations are important 
in producing the transfer of energy from protons 
to electrons. Growth time for wavelengths of the 
order of the stream thickness is about 10* sec- 
onds with shorter wavelength instabilities grow- 
ing faster. It might be noted that explanations, 
on an energetic basis, of the decimeter radio 
noise emitted by Jupiter in terms of cyciotron 
radiation by nonrelativistic electrons’ also im- 
ply, but do not specifically discuss, the existence 
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of a transfer process in the vicinity of local mag- 
netic field perturbations. 

If these processes are indeed operative, we 
suggest that turbulent motion of the plasma 
streams into local regions of the disordered 
parrier where the field happens to be intense 
relative to surrounding regions wiil create 
through the Veksler process, for example, elec- 
trons of energy T given by 


MV,” 
T=mc(y-1), y=g arth, 
0 


where M is mean mass of the positive ions in 

the cloud and V, is the translational velocity of 
the stream before instability sets in. During the 
turbulent conditions which would prevail as solar 
beams enter the region of instability, it is also 
probable that betatron and Fermi-acceleration 
processes will be active, which could lead to 
even higher energies, but which in any case, 
again act to raise the electron energy spectrum 
over that characteristic of beam flow through the 
smooth field regions of the inner solar system. 
We thus expect entrance of the beam front into 
the barrier to be signaled by marked increases 
in plasma electron energy. For the parameters 
appropriate to an intense storm, complete trans - 
fer by the Veksler mechanism would raise elec- 
tron energies from less than 10 ev to about 10 
kev (again neglecting thermal motion). 

Two particularly interesting regions of the 
spectrum radiated by these accelerated elec- 
trons lie in the low-frequency and very-low- 
frequency radio bands and in the x-ray region.” 
Here we shall treat only the bremsstrahlung 
x rays produced by the energetic electrons. Pos- 
sibilities for detection of low-frequency and very- 
low-frequency radiation necessarily involve a 
discussion of the magneto-ionic propagation 
properties of the solar system and the genera- 
tion of plasma oscillations. These possibilities 
will be discussed elsewhere. 

For a plasma containing N; stripped ions of 
charge Z per cm* together with electrons of 
density Nz, and normalized velocity distribution 
no(v), the total power density radiated (by as- 
sumption, isotropically) in the form of brems- 
strahlung is given by 


_116/1\/e? \ 2 
BONE) sem mom 
oO 


if the velocity of the ions is small compared to 
the electrons. 
If T is the average kinetic energy of the elec- 


trons and we let Z=1, this may be written 
W =11.9x10~°N*7T™ ergs cm™ sec™. 


For simplicity, we take the electrons to be mono- 
energetic and caiculate the number of brems- 
strahlung photons radiated between the spectral — 
maximum and an instrumental cutoff at a fraction 
a@ of the maximum energy: 


N, =11.9x10~°°N*T~-*1n(1/a) photons cm~$ sec. 


If we assume energy transfer to be complete, 
we may compute an upper limit to the photon 
flux Fy at the earth if the rms distance to the 
unstable stream is of the order of 10'* cm and 
absorption is negligible. Taking N=10°, T=10 
kev, and a =0.1 corresponding to one kev (pro- 
portional counter), we obtain 


N, =2.1x107 photon cm“ sec", 


from which the flux near the earth, for a stream 
of volume 10°” cm‘, is 


tied photons cm™~ sec™. 


Note that expansion of the stream beyond the 
earth leads to a reduction in particle density, 
but this is partially compensated by an increase 
in source size so the over-all effect is a reduc- 
tion of Fy by a factor of the order of two. 
Satellite-borne detectors such as proportional 
counters could, of course, measure a very small 
fraction of this calculated F, and thus the actual 
energy transfer efficiency in the barrier region 
need only be a corresponding small fraction. 
Detection limits will actually be set by cosmic 
background radiation in the region between 1 A 
and 12 A on which few, if any, measurements 
have been made, but which spans the short- 
wavelength cutoff for x rays from the sun itself. 
However, in searching for x rays originating 
from the mechanisms suggested here, advantage 
may be taken of both geometry and the time and 
energy dispersion of events to reduce solar in- 
terference. The earth can be used as a shadow 
shield if the measurements are taken while the 
satellite is on the night side. Only a small flux 
of backscattered solar x rays, mostly from the 
region beyond one A.U., will then be able to 
enter the detector. We note that the total Thomp- 
son scattering probability for the interplanetary 
medium in a one-A.U. long column is only ~10~7 
and the direct intensity of coronal x rays near 
cutoff (8 - 20 A) is of the order of 10° photons 
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cm~ sec”. Furthermore, the short-wavelength 
cutoff’* for coronal x rays is about 6 to 7 A so 
energy discrimination could be used in the de- 
tectors. During flares, x rays down to 2 A have 
been observed, but bremsstrahlung from the 
solar stream instability region would not reach 
the earth until many hours after such a flare. 

X rays associated with intense storm -associated 
aurorae should also appear before the barrier 
bremsstrahlung. 

We note that the gross upper limit to the bar- 
rier x-ray intensity established here is compara- 
ble to that thought to be required for ionospheric 
phenomena such as the production of sudden 
phase anomalies. Inspection of ionospheric 
records might therefore disclose evidence for 
the arrival of such x rays after a storm or allow 
a better determination of the upper limit to the 
proton-electron energy interchange efficiency. 
Finally, solar streams which miss the earth 
completely, such as those at high angles to the 
ecliptic, could nevertheless produce measurable 
effects which are uncorrelated with other ter- 
restrial phenomena. Especially useful informa- 
tion might be obtained if these could be detected 
with directional x-ray detectors and correlated 
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AT =1/2 SELECTION RULE AND Ko,” DECAY 


Myron L. Good and W. G. Holladay* 
Physics Department, University of Wisconsin, Madison, Wisconsin 
(Received January 11, 1960) 


A rather impressive amount of evidence has 
accumulated on the validity of the AT=1/2 selec- 
tion rule in the weak decays of mesons and hy- 
perons into strongly interacting particles. The 
observed inhibition of the K* ~1* + 1° decay mode 
relative to K,°~ 27 points to a high degree of ef- 
fectiveness of the rule. The former requires a 
AT of at least 3/2, and is thus a forbidden tran- 
sition under the rule, while the latter can go to 
the T=0 state and is thus allowed. The observed 
transition rates for the K*~1* + 7° and K,°=2n 
are in the ratio of 1/400, which corresponds to 
1/200 for the ratio of K* rate to the K® rate, 
since K,° is a particle mixture. The K,° rate 
agrees in order of magnitude with what one ex- 
pects from phase space considerations and other 
strange particle decays.” It is the Ky,* rate 
which is anomalous. 

Since the rule works well, one is tempted to 
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postulate that it is exact, but then the question 
arises by what mechanism the K*—1* + 7° decay 
occurs. One a priori possibility is that electro- 
magnetic effects which permit AT=1 are re- 
sponsible; these together with a strict AT=1/2 
weak interaction will allow processes with AT 
=3/2. It has generally been supposed, however,’ 
that these are of insufficient strength to provide 
the required amount of AT=3/2, since the AT 
=3/2 rate is presumably of order e* = 1/(137)’ 

= 1/19000 of the AT=1/2 rate, much smaller 
than the 1/200 mentioned above. A discrepancy 
of = 19 000/200 = 100 in the rates exists, if the 
AT =1/2 rule is taken to be exact. 

The point we wish to make here is that there 
is a natural resolution of this discrepancy in the 
recently proposed strong attraction between two 
pions in the T=2, J=0 state at low energy.* In 
reference 4, the asymmetry which is observed 
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in the energy spectrum of the 1~ in the 7* decay 
mode has been interpreted in terms of such an 
interaction, and it is difficult to see how such 

an asymmetry could arise in any other way. 
Furthermore the angular correlation of the pions 
of like charge as compared to that of unlike 
charge observed in the annihilation of antinu- 
cleons may be evidence for the same effect.® 

The proposed interaction is very strong, giving 
a scattering length a,,~h/M_c. The existence of 
such an interaction would enhance the decay rate 
of Kt~1*+7°.© Fermi’s’ method may be used to 
estimate the enhancement factor E.F., for which 
he obtains 


(cos6)j (ka) - (sind)n (ka) » 


E.F. = - . 
joa) 





where k refers to the relative momentum of the 
two pions in the s state, a is an ill-defined 
radius of interaction of the outgoing particles, 
and 6 is the phase shift resulting from the final- 
state interaction. For Ko, decay, we have 
1/k=0.7h/M,c. We shall see that a must be 
chosen sufficiently small that ka<1, so that the 
small-argument approximation to the spherical 
Bessel functions may be made, giving 


cot?5 1 
=F. 1+ cot26|~* akcotd 











For k cot6=1/a,,, and a,,=h/M,c, cotd=0.7. 
Then 


E.F. =3/1+ (a,,/a)|?. 


Perhaps the smallest value of a which is reason- 
ably acceptable is 1/2 nucleon Compton wave- 
length. On the other hand, lengths appreciably 
greater than this might not enter the problem, 
for (1) intermediate N -Y states are essential 
in reasonable Feynman diagrams for the decay, 
because the direct vertex K*~1*+7° is forbidden 
on the AT’ =1/2 hypothesis; /2) the pion-pion 
scattering might go only through virtual N-N 
pairs. This choice of a =h/2Mpc = (1/14)(h/M,c) 
gives a,,/a = 14 and E.F. = 75. 

This result indicates that it may not be neces- 
sary to introduce explicitly a AT =3/2 weak in- 
teraction to account for the Ky,* decay but that 


it decays through a strict AT=1/2 weak interac- 
tion, modified by electromagnetic effects, with 
an attendant enhancement by a strong T =2 final- 
state interaction. 

It should be emphasized that additional more |. 
accurate data on the energy and angular distribu- 
tions of the pions in the 7* mode and a more thor- 
ough and complete calculation of the Kg,* tran- 
sition rate incorporating the physical ideas sug- 
gested above would be very worthwhile. It should 
also be made explicit that the proposal presented 
here can be maintained only if (1) the pion-pion 
interaction in the T=2, J=0 state has a very 
short range and (2) there is no correspondingly 
strong interaction in the T=0 state. 

Since a fourth order electromagnetic process 
seems to give a rather large effect, we must 
consider whether this large effect is consistent 
with the experimental fact that other processes 
of order e? or e* (for example, K*-1°+y, K'= 
n*+n°+y, K*=2*+e*+e~) do not compete suc- 
cessfully with K*~1*+7° decay. A number of 
these alternative processes have been investi- 
gated by Dalitz,*»* with the conclusion that for a 
spin zero Kt , they are quite negligible in com- 
parison with the normal K Qn decay. 
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LOW-ENERGY PARAMETERS OF HYPERON-NUCLEON INTERACTION 
AND A HYPERFRAGMENTS* 


S. Iwao and E.C.G. Sudarshan 
Department of Physics and Astronomy, University of Rochester, Rochester, New York 
(Received January 15, 1960) 


At the present time there are no direct meas- 
urements on the structure of the interaction be- 
tween the nucleon and A hyperon and one has to 
rely on indirect methods to obtain some informa- 
tion. Just as the general features of nuclear 
forces may be deduced from the properties of 
complex nuclei, the gross features of the 
hyperon-nucleon interaction may be deduced 
from the properties of hyperfragments. Various 
attempts’ have been made in this direction but 
most of them make explicit use of potentials and 
of wave functions for each hyperfragment. 

We have undertaken a systematic study of hy- 
perfragments using the standard method of low- 
energy nuclear physics. In particular, the so- 
called “projection theorem” furnishes a powerful 
tool for the analysis of these complex systems.” 
This theorem enables us to relate the properties 
of a system of A-1 nucleons and a hyperon to 
those of a system of A-2 nucleons in terms of 
the two-body matrix element of the fundamental 
two-particle interaction together with fractional 
parentage coefficients and kinematical factors. 
The method itself is capable of generalization to 
many-body forces also, but here we shall con- 
fine ourselves to two-body forces. It is clear 
that in the hyperfragments of low atomic number 
only certain average properties of the two-body 
interaction will enter. For the hyperfragments 
with A <5 only the parameters T A? S,, S, enter, 
which are, respectively, the average hyperon 
kinetic energy and the °S and ‘S matrix elements 
of the A-nuclear interaction. The ground-state 
spins of the A-1=2,3,4 systems are 1, 1/2, 0; 
consequently we can have spin 1/2 or 3/2 for 

H°, spin 0 or 1 for , H* and ates, and spin 1/2 
for aHe’®.® The experimental binding energies 
of the A hyperon for hyperfragments with A <5 
are tabulated in Table I.* If we use these binding 
energies to calculate the nucleon—A hyperon 
parameters we get the solution T, =7.64 Mev, 
S,=-2.08 Mev, and S,=-4.46 Mev for set (a) and 
T, = 8.92 Mev, S,=-2.24 Mev, andS,=-5.28 
Mev for set (b) in Table I, where both sets favor 
the antiparallel spins (spins 1/2, 0, 1/2 for A 
=3,4,5). Thus both singlet and triplet interac- 
tions are attractive and the average kinetic 
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Table I. The A binding energy (in Mev) for the 
hyperfragments with A=3, 4, and 5. 





3 5 
(a) ,H 0.12 aut 2.20 He 


(b) H 0.12 Het 2.36 He® 


A A A 3.08 





energy obtained is in fair agreement with the 
estimate of 6.5- 8.8 Mev from the momentum 
distribution of the A hyperon obtained from the 
decay of the hyperfragments.°® 

For the configuration favoring parallel spins 
no solution can be obtained since we obtain the 
inconsistent set of equations: 


T, +28, =-0.12 Mev, 


5 4g =- . 
T,+25,+25p 2.20 or -2.36 Mev, 


T , +35, +S, = -3.08 Mev. (1) 


One is thus led to conclude that antiparallel spins 
are favored and that in particular, aHe* has 
spin 0. 

Having obtained the parameters Ta; S,, So we 
may investigate the excited states of the hyper- 
fragments with A=3,4 and, respectively, spins 
3/2 and 1. Both of these turn out to be unbound 
by 3.48 and 0.20 Mev for set (a) and by 4.44 and 
0.68 Mev for set (b), respectively. The only 
bound state of , He* has spin 0 and consequently 
the existence of the mesonic absorption of the 
negative K meson in helium®’: 


K"+He*- He*+a°, (2) 


implies that the K-meson parity (relative to that 
of the A hyperon) is odd. With the same param- 
eters it can also be seen that the hyperdeuteron, 
mn, and , He* are unbound. 
If the A-nuclear potential is of the form 
= r oa 3 
Va”) (1+a0,, 3, V(r), (3) 
then the solution obtained corresponds to the 
choice a= -0.22 for set (a) and -0.25 for set (b). 
For the p-shell hyperfragments one has to 
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Table II. The difference of the binding energies of the hyperfragments with p-shell nucleons and aHe® in Mev, 


where By(4) =3.08 Mev. 








-B,(A-1)+Ba (4) 


-B,(A-1)+Bq(4) 


-B,(A-1)+Bq (4) 





Hyperfragment (experimental) J (theoretical) Aj J (theoretical) 4; 
a -2.38 ; 1/2 -2.18 -0.20 3/2 -2.10 -0. 28 
aL" -3. 03 1 -3.16 0.13 2 -3.14 0.11 
Be -3.52 1/2 -3.49 -0.03 3/2 -3.53 0.01 

AL -4.12 3/2 -4.14 0.02 5/2 -4.19 0.07 





distinguish between the p,,. shell hyperfragments 
and py, Shell hyperfragments (j-j coupling 
scheme); one has correspondingly four new 
parameters, two for the J=1 and 0 states from 
the coupling of a p,,. nucleon and s,,. hyperon; 
and two for the J =2 and 1 states from the cou- 
pling of a py, nucleon and s,, hyperon. We de- 
note them by P,, P,, P,’, P,’, respectively. 
There are no hyperfragments belonging to the 
former category at this moment.‘ The numerical 
values obtained for the latter are P,’=-0.551 
Mev, P,’=-1.41 Mev and P,’=-1.38 Mev, P,’ 
=-0.051 Mev for the antiparallel spins and par- 
allel spins, respectively, for nucleons and A 
hyperon. Both sets explain the observed data 
equally well, to within 5% and 7%, respectively. 
The data used for this analysis are given in 
Table II together with the theoretical values. 
4; in the Table shows the difference between ex- 
perimental and calculated binding energy. We 
got a good fit for both sets to within experimental 
errors. This suggests that our assumptions 
made here are justified. We do not have to in- 
troduce three-body A-nuclear forces at this 
moment to explain the known experimental data. 
We can treat all the data and unknown hyper- 
fragments from A =3 to 13 using the parameters 
obtained in this paper together with the assump- 
tion of the charge symmetry of N-A forces. For 
instance, the binding energies of the A hyperon 
of He’, ,B", and ,B” are given as 4.73 Mev, 
9.18 Mev, 9.73 Mev, and 4.84 Mev, 9.37 Mev, 
9.75 Mev for the antiparallel spins and parallel 
spins, respectively. These are consistent with 
the observed values, 3.0+0.7 Mev, 9.9+0.6 
Mev, and 9.7+ 0.6 Mev, respectively, although 
all three of these values are derived from one 
event.* 

Adding the two-body tensor and the spin-orbit 


N-A interaction, 


dS) Vir)+c(1y+T, 6 +8, V(r), 


and using the parameter a= -0.22, we obtain 
the relations b-1.7c =0.37 and b-0.54c = -2.0 for 
the antiparallel and parallel spins, respectively. 
Our parameters give S,/S,=2, which is con- 
sistent with the estimate 2-3 by Dalitz and 
Downs. ® 

We have benefited from discussions with 
Professor R. E. Marshak, Professor S. A. 
Moszkowski, and Dr. M. H. Macfarlane. 
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THREE-PION RESONANCE OR BOUND STATE* 


Geoffrey F. Chew 
Lawrence Radiation Laboratory and Department of Physics 
University of California, Berkeley, California 
(Received December 28, 1959) 


It has been shown by Frazer and Fulco’ that a 
two-pion P-wave resonance at a total energy 
between three and four pion rest masses can 
account for the isotopic vector component of 
nucleon electromagnetic structure. The mean 
square radius both of the isovector charge and 
the anomalous magnetic moment is essentially 
determined by the energy of this resonance 
(r*)ay* 6Ep “2). It continues to be a mystery, 
however, why the isotopic scalar charge experi- 
mentally should have nearly this same radius 
again, since the isoscalar electromagnetic 
structure is presumably dominated by a three- 
pion configuration.?»* The purpose of this note 
is to point out that it is not unreasonable to ex- 
pect a three-pion resonance or even a bound 
state at roughly the same energy as the two-pion 
resonance. According to an argument given 
earlier by the author in terms of unsubtracted 
dispersion relations,* such a circumstance might 
explain the experimental absence of neutron 
charge structure. 

The essential point is that in the particular 
three-pion state involved in nucleon electromag- 
netic structure, each pair of pions feels the 
same strong attractive force as that producing 
the two-pion resonance. The three-pion state 
has J=0, J=1, and odd parity.?»* It is easy to 
verify that the isotopic spin function is antisym- 
metric under exchange of any pair, and there- 
fore each pair is in a pure J=1 state. The rela- 
tive angular momentum of any pair can be 1, 3, 
5..., etc., but the proportion of /=1 at low en- 
ergies must be very large.® Thus the strong 
attractive force between P-wave pions occurs in 
all three pairs of the three-pion state of interest, 
and it seems not unlikely that the extra potential 
energy could compensate for the rest mass of 
the third pion and produce a resonance at about 
the same total energy as that of the two-pion 
system. 

In fact the attraction might easily be so great 
as to produce a bound state, that is, a particle 
of mass slightly less than 3m. with J=0, J=1, 
and odd parity. Such a vector meson has been 
discussed by Nambu,° who proposed it as a new 
elementary particle. However, the effect on 
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nucleon electromagnetic structure would be the 
same for the three-pion bound state, and so 
would the other experimental manifestations of 
the vector meson discussed by Nambu. 

The question naturally arises as to whether 
further resonances or bound states could result 
from configurations of still higher pion number. 
First of all, such configurations would not be 
stable unless they had energies less than 2m ail 
the G parity is even or 3m, if the G parity is 
odd. Furthermore, it is unlikely that the rest 
energy of additional pions can continue to be 
compensated by potential energy of attraction 
because the strong attractive force occurs in 
only one particular pair configuration. This con- 
figuration happens to occur almost with 100% 
probability for all pairs of our particular three- 
pion state, but such a circumstance probably ! 
cannot be repeated with higher pion numbers. 

It is to be hoped that when the detailed nature 
of the force between two pions has been under- 
stood, one can make at least a crude calculation 
of the three-pion system. A relativistic three- 
body problem, however, is sure to be very diffi- 
cult, and confirmation of the resonance or bound 
state must come from other sources. Should the j 
state actually be bound, then the decay products 
discussed by Nambu® may be sought.’ A reso- 
nance will be more difficult to establish but will 
have the same virtual manifestations as a bound 
state. For example, there will be a strong short- , 
range contribution to the nuclear force which 
may, as Nambu suggested, have something to do ' 
with the hard core. Similar short-range inter- 
actions due to the exchange of the three-pion 
state will occur in many other situations. Really 
convincing evidence could come from some re- 
action in which three pions are produced electro- _ 
magnetically, say by a high-energy photon ina 
Coulomb field or by the clashing positron- 
electron beams envisaged at Stanford. Here a 
resonance could be unmistakably established. 

The author is grateful to Dr. Robert Karplus, 
Dr. Stanley Mandelstam, and Dr. Ben Mottelson 
for discussion of these ideas, which are about 
one year old. They have not been published pre- 
viously, partly because the author’s preoccupa- 
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tion with another problem prevented a careful 


investigation and partly because experimental 


consequences seemed remote. Recently, how- 
ever, Dr. Burton J. Moyer in a private conversa- 
tion informed the author that an experimental 
search for the Nambu particle is quite feasible. 








If these superficial remarks serve to encourage 
such a search, they are perhaps justified. 
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EFFECTS OF TWO ADDITIONAL PARTICLES ON THE SYMMETRIES IN STRONG INTERACTIONS* 


D. B. Lichtenberg 
Physics Department, Michigan State University, East Lansing, Michigan 
(Received December 3, 1959) 


It is well known that, within the framework of 
the formula of Gell-Mann’ and Nishijima? relating 
the strangeness of a particle to its baryon num- 
ber, charge, and third component of its isotopic 
spin, there is room for additional particles. 

One of these, which we shall call D, following 
Yamanouchi,° is a positively charged meson with 
strangeness S=2 and isotopic spin J=0. Another, 
which we shall call 2,‘ is a negatively charged 
baryon with S=-3 and /=0.° It is the purpose of 
this note to point out that if the D and 2 exist, 

the conclusions of a number of authors®~® about 
the symmetries of the strong interactions must 
be modified. 

If we consider only meson-baryon interactions 
which are linear in the meson fields and bilinear 
in the baryon fields, the most general charge- 
independent interactions including the new parti- 
cles are of the form 


H — TT + Aq-st 
a G wnNt mN .. apiAt = +H.c.) 


oo 


+6, py TxE+G soETaz, 
"* aw NKA+ H.c.) +6, sy WATE +H.c.) 
+ + a >) 
KAzAK, A+H.c.) Cos a(AK 7++H.c.) 
+G xo (=KQ+ H.c.), 
H = + 
p> Spyz (NDE + H.c.) 


(ADQ+H.c.), (1) 


“Dag 


where H.c. stands for Hermitian conjugate and 
we use the notation of Gell-Mann’ that the sym- 
bol for a particle stands for the operator that 
annihilates it. Here K is a spinor and K- the 
charge conjugate spinor, and they are given by 


fe) (8) 


In (1) we have emphasized the form of the inter- 
action in isotopic spin space. If the 7, K, and 

D are all pseudoscalar mesons, and all the 
baryons have the same spin and parity, then all 
the interactions in (1) will contain an additional 
factor which will be either 7, (pseudoscalar coup- 
ling) or ysy,9/8x,, (pseudovector coupling). 

In the absence of further symmetries, there 
are eleven coupling constants to be determined 
before the interactions are specified. However, 
we can postulate that all pion-baryon coupling 
constants are equal (global symmetry), all K- 
baryon couplings are equal (cosmic symmetry), 
and all D-baryon couplings are equal (which we 
might as well call galactic symmetry). Then the 
number of independent coupling constants is re- 
duced to three: G,, Gx, and Gp. (If the inter- 
actions are pseudovector, we can speculate that 
there is only one dimensionless coupling constant, 
i.e., MyGq =MKGK =MpGp, where the M’s are 
the meson masses. The constants M,G, and 
MxGx appear to be approximately equal experi- 
mentally.) 

One of the reasons for postulating the existence 
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of the D and & is as follows: Pais has shown that, 


provided the commonly assumed baryon mass 
spectrum is complete, global and cosmic sym- 
metry cannot hold simultaneously without con- 
tradicting experiment.’° For example, the reac- 
tion 


1 +p-K' +=" (2) 
would be forbidden to order A”, where 
A=(My -Ma)/Ma4, relative to the reaction 

1” +p~-Kt+=". (3) 
However, both reactions are seen experimentally 
with comparable cross sections. The existence 


of either the D or 2 without the other would not 
be enough to break the selection rule which for- 


bids (2), but if both exist, the reaction is allowed. 


All the other discrepancies with experiment 
pointed out by Pais also disappear if D and & are 
both present. 

A second reason for postulating the existence 
of the two new particles concerns the baryon 
mass spectrum. If the baryons all have the same 
bare mass, then this mass degeneracy is not 
removed within the framework of the commonly 
assumed particles, provided global and cosmic 
symmetry both hold and the only strong inter- 
actions are of the form (1). The existence of 
either new particle would partially lift the degen- 
eracy, but only if both are present do the baryons 
(including &) split into five distinct levels. We 
have not attempted to determine whether this 
splitting is in the right direction to give the ob- 
served ordering of the masses of the baryons. 

These statements about cross sections and 
mass degeneracies follow from the form of the 
interactions given in Eq. (1) even when global, 
cosmic, and galactic symmetries hold simultan- 
eously. This can be seen by noting that the 2 
is distinguished from the other baryons at the 
outset by having no 7 interactions. Then the = 
is distinguished from the others by being the 
only baryon coupled to the 2 via K interactions. 
The nucleon becomes split from the A and = 








at this stage through indirect effects. However, 
the A and = remain degenerate, and Pais’ rules 
still hold, since the A and = can still be written 
as two charge doublets instead of as a singlet 
and triplet without altering the form of the inter. 
actions (see references 7 and 8). Turning on 
the D interaction further distinguishes the nuc- 
leon, since it is the only baryon coupled to the 
= by the D. At the same time, the A is dis- 
tinguished from the 2, since the A is coupled 
to the 2 via the D, whereas in a charge-inde- 
pendent interaction of the form assumed, the 
D, &, and = cannot be coupled. 

Alternatively, the proof may be given by the 
use of perturbation theory. We need consider 
only second and fourth order diagrams and note 
that the graphs in which D and 2 appear remove 
mass degeneracies and destroy the relations that 
were deduced by Pais. 

The author is grateful to Professor J. S. Kovacs 
and Professor Joseph Ballam for valuable dis- 
cussions. 
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NUCLEAR SPIN RELAXATION IN LIQUID He’. 
I. R. H. Romer,* Physics Department, Duke 
University, Durham, North Carolina (Received 
August 10, 1959; revised manuscript received 
December 7, 1959). 


The nuclear spin thermal relaxation time, T,, 
of He® nuclei in pure liquid He* at its saturated 
vapor pressure has been measured at tempera- 
tures between 0.8°K and 3.1°K, at static magnetic 
fields from 1560 gauss to 12200 gauss. No de- 
pendence of T, on the static magnetic field was 
observed. The measured relaxation times in- 
crease gradually from 300 seconds at 0.8°K to 
650 seconds at 3.1°K. These measured relaxa- 
tion times do not appear to have been significantly 
shorteried by wall relaxation processes. These 
results, which do not agree with measurements 
made elsewhere, are in good agreement with the 
short-correlation-time form of the Bloembergen, 
Purcell, and Pound theory of spin relaxation in 
liquids. 


*on leave from Amherst College, Amherst, Massa- 
chusetts. 


RADIATION DAMPING OF AN ELECTRON IN A 
UNIFORM MAGNETIC FIELD. Gordon Gibson 
and Eugene J. Lauer, Lawrence Radiation La- 
boratory, University of California, Livermore, 
California (Received September 28, 1959; re- 
vised manuscript received December 2, 1959). 


The analytic solutions are given for the pair of 
differential equations obtained from classical 
theory which express the time rate of change of 
the angle between the momentum vector and the 
magnetic field vector, and the time rate of 
change of the energy of the electron. 


EXCHANGE AND CORRELATION EFFECTS IN 
ELECTRON- PHONON SCATTERING IN NOR- 





MAL METALS. M. Bailyn, Northwestern Uni- 
versity, Evanston, Illinois (Received September 
29, 1958; revised manuscript received Septem- 
ber 20, 1959). 


The theory of Bardeen for the electron shield- 
ing of the perturbation potential arising from the 
lattice vibrations is extended to cover exchange 
and correlation effects. The method is to set up 
a self-consistent set of one-electron equations, 
and calculate the effect of the perturbation in the 
charge densities. The exchange term is cor- 
rected to conform to the results of the Bohm- 
Pines theory, but the plasma wave function is 
assumed not to be disturbed by the lattice. With 
this approximate model, a solution to the pro- 
blem can be obtained. For small-angle scatter- 
ing, the results do not return to the original 
Bardeen values. The interaction potential matrix 
element depends on the initial electron wave 
vector k as well as on the difference between 
initial- and final-state wave vectors. Hence, to 
use the results an average over k must be made, 
and we make an average over the Fermi surface. 
The general effect of the exchange hole is to in- 
crease the scattering. 


EFFICIENCY OF FIELD IONIZATION AT A 
METAL SURFACE. H. Fiedeldey and D. Fourie, 
Physics Department, University of Pretoria, 
Pretoria, South Africa (Received September 1, 
1959). 


In this paper the expression for the transmis- 
sion coefficient, which was derived formerly by 
Miller for field emission, is integrated by 
making certain approximations. The formula 
for the efficiency of field ionization could then 
be integrated. Furthermore the supply function 
is calculated by regarding the molecule as 
moving in a central field of force. The main 
object of the paper is that of deriving analytical 
formulas which give a better picture of the de- 
pendence of the field ion current on the various 
parameters. 


SIMPLIFIED CONFIGURATION COORDINATE 
MODEL FOR KC1:Tl. P. D. Johnson and F. E. 
Williams, General Electric Research Labora- 
tory, Schenectady, New York (Received Septem- 
ber 2, 1959). 


The configuration coordinate model for KC1:T1l 
has been modified recently to include the effect 
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of the crystalline field on spin-orbit interaction. 
We have now re-examined the spectral data on 
KC1:T1 and related phosphors and propose a 
simplified configuration coordinate model which 
also includes this effect. In the simplified model 
the two excited states are approximately parallel, 
the upper state being predominantly singlet; the 
lower, triplet. In contrast to the earlier model, 
the pure 'P® and *P® spin states do not cross, 
and thereby we avoid spin- dependent crystalline 
interactions which vary rapidly with configura- 
tion coordinate. The effects of crystalline in- 
teractions on the energy separation of the spin 
states and on the spin-orbit coupling constants 
are estimated theoretically. In the quantitative 
application of the one-dimensional model to ab- 
sorption and emission spectra neglecting con- 
figuration interaction with other crystal states, 
spin-orbit coupling constants which are smaller 
than the free-ion values are used. The applica- 
tion of the model to other alkali halide phosphors 
and the origin of spectra not readily explained 
with the simplified model are discussed. 


NONLOCAL CURRENT-FIELD RELATIONSHIP 
IN METALS. John L. Warren* and Richard A. 
Ferrell, f University of Maryland, College Park, 
Maryland (Received September 16, 1959). 


It is found that Chambers’ formula for the 
response of the conduction electrons of a metal 
to an internal transverse electric field must be 
supplemented by a diffusion current when it is 
used for longitudinal fields. A new derivation of 
Chambers’ formula is given by means of the 
Boltzmann transport equation, and the additional 
diffusion term in the current is exhibited explic- 
itly. 


“present address: Department of Physics, DePauw 
University, Greencastle, Indiana. 

Present address: CERN, Geneva, Switzerland. 
(Permanent address: University of Maryland, College 
Park, Maryland.) 


IONIC CONDUCTIVITY OF GAMMA- IRRADIATED 
SODIUM CHLORIDE. H. S. Ingham, Jr.,* and R. 
Smoluchowski, Carnegie Institute of Technology, 
Pittsburgh, Pennsylvania (Received September 
23, 1959). 


Single crystals of NaCl were subjected to about 
5x 10° roentgens of Co® gamma irradiation at 
5°C, and then rapidly heated and maintained at a 
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fixed temperature in the range 65°C to 135°C, 
The dc ionic conductivity at this temperature 
was measured by means of a vibrating reed elec. 
trometer as a function of time. It decreased in 
the temperature range 65°C to 80°C during a 
period of several hours to a value that was less 
than the preirradiation conductivity by a factor 
which was typically about 30. The conductivity 
is presumed to be a direct measure of the num- 
ber of positive-ion vacancies. The data fit a rate 
equation describing the bimolecular process 
A+B-AB, with an activation energy approxi- 
mately equal to that of the mobility of the posi- 
tive-ion vacancies. This confirms the supposi- 
tion that the change of conductivity reflects the 
clustering of the positive-ion vacancies with 
other imperfections at a rate controlled by the 
diffusion of these vacancies. Above 100°C, 
many of the clusters appear to break up again 
with an accompanying increase of conductivity. 
The conducting vacancies appear to be localized 
in a rather small fraction of the total volume of 
the crystal. 


* 

Now at the International Business Machines Cor- 
poration Research Laboratories, Poughkeepsie, New 
York. 


PHOTOELECTROMAGNETIC EFFECT IN BIS- 
MUTH. Thomas Young, International Business 
Machines Corporation, Product Development 
Laboratory, Endicott, New York (Received 
September 25, 1959). 


The photoelectromagnetic effect has been ob- 
served for the first time in bismuth. Evaporated 
bismuth films as well as bulk material have been 
shown to exhibit the effect. The dependence on 
wavelength of incident light and on intensity of 
magnetic field have been investigated. 


DIFFUSION AND DESORPTION OF METAL IM- 
PURITIES IN PLATINUM. Richard C. Bradley, 
Department of Physics, Cornell University, 
Ithaca, New York (Received September 25, 1959). 


Activation energies for the volume diffusion of 
certain impurities in polycrystalline platinum 
samples have been obtained by studying the ions 
released from their surfaces at temperatures 
above 1000°C. For one Pt sample these energies 
were 4.7+0.2 ev for the diffusion of Na, 4.4:0.2 
ev for K, and 3.7+0.2 ev for Ca. For a second 
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sample, however, all the energies were 10-15% 
higher. After periods of inert gas ion bombard- 
ment at room temperature, bursts of K and 

Na’ ions were released at temperatures of about 
g00°C and 700°C, respectively. Activation en- 
ergies associated with this release were 1.9+0.1 
ev for K* and 2.6+0.1 ev for Na‘. In this case 
there was close agreement between the two dif- 
ferent samples. 


MAGNETISM OF INTERACTING DONORS. 
E. Sonder and H. C. Schweinler, Solid State Di- 
vision, Oak Ridge National Laboratory, Oak 


The magnetic susceptibility of donor centers in 
semiconductors is calculated for the case of 
small interactions between closely adjacent 
donors. A hydrogenic model is assumed for the 
donor centers. The random distribution of the 
centers, as well as the variation of the energy 
of interaction with separation distance of pairs 
of donors, is taken into consideration. A twofold 
modification to the Curie law (which is correct 
for independent donors) is predicted by the re- 
sulting expression, namely, a curvature as well 
as a decrease of the slope of the Curie plot of 
the susceptibility versus inverse temperature. 
Both of these effects increase with the donor 
density, becoming appreciable in silicon with 10’ 
-10* donors /cm* and in germanium in the range 
around 10** donors /em*. The theory is in good 
agreement with results of measurements. 


PYROELECTRICITY, INTERNAL DOMAINS, 
AND INTERFACE CHARGES IN TRIGLYCINE 
SULFATE. A. G. Chynoweth, Bell Telephone 
Laboratories, Murray Hill, New Jersey (Re- 
ceived September 28, 1959). 


Using the dynamic pyroelectric technique, the 
spontaneous polarization of triglycine sulfate 
has been determined between the Curie point 
and -140°C. No evidence of any phase transitions 
over this temperature range was-found (other 
than the Curie point). The polarization could 
still be reversed by an applied field, though 
slowly, at the lowest temperatures attained. In 









the paraelectric region above the Curie point, 
the pyroelectric behavior shows some deviations 
alow applied fields from the predictions of 

Devonshire’s theory. The cause of these devia- 


Ridge, Tennessee (Received September 17, 1959). 





tions is not known but they may be due to non- 
uniform conditions, either mechanical or elec- 
trical, in the crystal. 

With no field applied to the crystal, pyroelec- 
tric signals can be generated temporarily above 
the Curie point. These are ascribed mainly to 
polarizations induced by the compensation 
charges, while they last, which accumulate around 
residual domains that cannot be removed by the 
poling field at room temperature. These residual 
domains have been delineated using powder 
pattern and etching techniques and are revealed 
as long thin domains, pointed at both ends and 
lying along the ferroelectric direction, either 
in the interior of the crystal or intercepting the 
surfaces. The causes of these persistent domains 
are not known. 

It is found that on cooling a crystal through the 
Curie point, there is a strong tendency for it to 
repolarize with the same polarity it had previ- 
ously. This phenomenon is ascribed to the pre- 
sence of ferroelectrically inactive surface layers 
giving rise to interface charges. 


EXCITATION AND ATTENUATION OF HYPER- 
SONIC WAVES IN QUARTZ. H. E. Bommel and 
K. Dransfeld, Bell Telephone Laboratories, 
Murray Hill, New Jersey (Received September 
18, 1959). 


A method for the generation and detection of 
hypersonic waves, which has only been briefly 
described earlier, together with some absorp- 
tion measurements in quartz, is discussed in 
some detail. Further measurements of the hy- 
personic absorption in quartz at different crys- 
tal orientations and after neutron irradiation are 
reported. The results are in qualitative agree- 
ment with a phonon-phonon relaxation process. 


STRONG-COUPLING LIMIT IN THE THEORY OF 
SUPERCONDUCTIVITY. D. J. Thouless, Law- 
rence Radiation Laboratory, University of Cali- 
fornia, Berkeley, California (Received June 22, 
1959). 


The Hamiltonian used by Bardeen, Cooper, 
and Schrieffer in their theory of superconduc - 
tivity is studied in the strong-coupling limit. 
The complete set of energy levels can be found 
by using group theory, even for a finite system. 
An expression for the grand partition function 
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can immediately be written down, and this ex- 
pression can be evaluated in a simple manner 
for a large system. The results are in qualita- 
tive agreement with the weak -coupling theory, 
and in quantitative agreement with the strong- 
coupling limit of the expressions derived by 
Bardeen, Cooper, and Schrieffer. The second- 
order phase transition is a simple consequence 
of the form of the grand partition function. There 
is an energy gap independent of the total number 
of particles which goes to zero as the tempera- 
ture approaches the critical temperature. The 
normal state is not metastable below the criti- 
cal temperature. 


INFRARED ABSORPTION IN n-TYPE ALUMI- 
NUM ANTIMONIDE. W. J. Turner and W. E. 
Reese, Research Laboratory, International Busi- 
ness Machines Corporation, Poughkeepsie, New 
York (Received September 9, 1959). 


The optical absorption constants of tellurium- 
and selenium-doped n-type AlSb have been deter- 
mined in the spectral region 0.7 - 38 microns at 
300 and 78°K. A 4.3-micron band exists at 300°K 
for which the absorption constant varies linearly 
with electron concentration. This band may be 
explained by a 0.3-ev spin-orbit split off con- 
duction band or alternatively by a multivalleyed 
conduction band with a central minimum 0.3 ev 
above the lowest minima. A transition from the 
highest valence bands to the lowest conduction 
level could account for the observed absorption 
starting at 1.33 ev. At wavelengths greater than 
8-10 microns free carrier absorption exists 
with a \? dependence and a calculated effective 
mass of 0.3m. Lattice bands are present at 11.2, 
13.5, 16.5, 22.5, 28, and 29.6 microns. 


FORMATION OF F CENTERS AT LOW AND 
ROOM TEMPERATURES. Herbert Rabin and 
Clifford C. Klick, United States Naval Research 
Laboratory, Washington, D. C. (Received Sep- 
tember 8, 1959). 


It has been found that the x-ray production of 
F centers at liquid helium temperature is pri- 
marily dependent on the type of alkali halide and 
not on the defect structure of the particular spe- 
cimen in contrast to observations at room tem- 
perature. This result indicates that the low- 
temperature production of F centers is a bulk 
property of the alkali halide and occurs as a re- 
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sult of the creation of halide ion vacancies by 
the ejection of halide ions from their normal 
lattice sites. The formation of F and H centers 
in pairs at liquid helium temperature is in ac- 
cord with this model and is supported by the fact 
that the energy required to produce an F center 
at liquid helium temperature in a variety of 
alkali halides depends on the interstitial space 
available for accepting the halide atom. A com- 
parison of the energy required to form F centers 
under various conditions at low temperature and 
at room temperature gives additional evidence 
for a two-stage coloration process at room tem- 
perature. 


PARAMAGNETIC RESONANCE AND OPTICAL 
ABSORPTION OF A V CENTER. W. Hayes* and 
G. M. Nichols, f Argonne National Laboratory, 
Lemont, Illinois (Received September 8, 1959), 


The paramagnetic resonance and optical absorp- 
tion spectra of KCl and KBr crystals containing 
divalent calcium, strontium, or barium ions 
have been investigated. After x irradiation at 
195°K a resonance spectrum is observed with 
three distinguishable centers; the centers are 
similar and each has approximate axial sym- 
metry about a different cube edge. The optical 
spectra show bands near 325 my in KCl and 
near 345 my in KBr which arise from the same 
centers. The centers are assigned to Cl,” and 
Br, molecule ions and are closely related to the 
Cl,~ and Br,” centers of Castner and Kanzig. 


*Now at the Clarendon Laboratory, Oxford, England. 
TNow at E. I. du Pont de Nemours and Company, 
Eastern Laboratory, Gibbstown, New Jersey. 


ELECTRICAL RESISTIVITY OF DYSPROSIUM 
SINGLE CRYSTALS. P. M. Hall, S. Legvold, 
and F. H. Spedding, Institute for Atomic Research 
and Department of Physics, Iowa State University, 
Ames, Iowa (Received September 8, 1959). 


Resistivity measurements are reported on two 
single crystals of hcp dysprosium metal in the 
temperature range 1.3°K to 400°K. The two mag- 
netic transitions at 90°K and 175°K are very evi- 
dent in the resistivity. Significant anisotropy is 
observed only above 175°K, which is the para- 
magnetic range; at 400°K, p,/p, =1.5. A predic: 
tion for the resistivity of polycrystalline dys- 
prosium based on these measurements is seen 
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to be in good agreement with the resistivity of a 
polycrystalline sample. 


EXTENSION OF THE MADELUNG METHOD FOR 
THE EVALUATION OF LATTICE SUMS. F. G. 
Fumi and M. P. Tosi, Istituto di Fisica Teorica, 
Universita di Pavia, Pavia, Italy (Received 
August 20, 1959). 


The Madelung formulas for the electrostatic 
potential of a linear or planar Bravais lattice of 
ions, neutralized by a uniform distribution of 
charge, are extended to the lattice sums over a 
linear or planar Bravais lattice involving two- 
body interactions of the type R™ (R, interatomic 
distance; m>0). The application of these gener - 
alized Madelung formulas in the evaluation of 
the specific face energy for neutral planes of an 


FERROELECTRICITY IN TETRAMETHYLAM - 
MONIUM- TRICHLORO-MERCURATE. E. Fatuzzo 
and R. Nitsche, Laboratories RCA Limited, 

Zurich, Switzerland (Received September 4, 

1959). 


Tetramethylammonium-trichloro-mercurate, 
[N(CH,),]- HgCl,, is ferroelectric between -80° 
and +200°. Above 200° it decomposes without 
showing a Curie point. At room temperature 
the spontaneous polarization is about 1 micro- 
coulomb/cm?, the coercive field 3 kv/cm, and 
the dielectric constant 25. 


ELECTRON SPIN RELAXATION IN FERRO- 
MAGNETIC INSULATORS. R. C. Fletcher, 

R. C. LeCraw, and E. G. Spencer, Bell Tele- 
phone Laboratories, Murray Hill, New Jersey 
(Received September 2, 1959). 


A phenomenological description of electron 
spin relaxation in ferromagnetic insulators is 
developed using the rate of energy transfer be- 
tween the uniform precession, the spin waves, 
and the lattice. This leads to an equation of 
motion containing T,,, the relaxation time of the 
wiform precession to the lattice; T,,, the re- 









laxation time of the uniform precession to the 
tth spin wave; and 7},, the relaxation time of 
the kth spin wave to the lattice. Experimental 
measurements at 6200 Mc/sec are made on 
single-crystal spheres of yttrium iron garnet to 


ionic solid of composition MX is briefly discussed. 





determine these times. In addition to measure- 
ments of resonance line width and high power 
saturation, these measurements include a fre- 
quency modulation method for measuring relaxa- 
tion times. The theory provides an excellent 

fit to the experimental data over a range of sur- 
face roughness which varies the line width by a 
factor of 7.5. This enables the volume property, 
Tip, to be determined experimentally in the 
presence of large surface scattering. The other 
volume property, T,,, is determined on the 
smoothest surface and is found to constitute the 
lower limit for reducing the line width in the 
present materials at room temperature. The 
theory and techniques described should facilitate 
a better understanding of the basic relaxation 
mechanisms. 


THERMOELECTRICITY AND RESISTIVITY IN 
METAL ALLOYS AT LOW TEMPERATURES. 
C. A. Domenicali, Honeywell Research Center, 
Hopkins, Minnesota (Received April 27, 1959; 
revised manuscript received October 19, 1959). 


A simple model is proposed for the “resonant 
scattering” of electrons from foreign atoms in 
a crystal lattice. The model assumes the exist- 
ence of highly selective scattering mechanisms 
characterized by widths of the order of 10-* 
electron volt and larger; in this sense it is sim- 
ilar to the model of Korringa and Gerritsen, al- 
though the present model makes use of only the 
general analytical characteristics of the relaxa- 
tion time and does not specify the details of the 
scattering mechanism. Mott’s well-known ap- 
proximation formula, 


S =(n?k?T /3e)[d In O(E)/dE) on? 
“iF 


for the absolute thermoelectric power of a metal 
alloy is strictly valid and physically meaningful 
only at temperatures kT <a, where 2a is the 
width of the resonance. At temperatures kT >a 
the formula leads to useful and valuable informa- 
tion on the thermoelectric properties of alloys, 
but the formula in this temperature region has 
only a rather artificial physical meaning. In 

the intermediate temperature region where kT 

is comparable to a, the Mott formula is entirely 
invalid. But it is in precisely this intermediate 
temperature range that the resistance and 
thermoelectric anomalies occur, so that Mott’s 
approximation cannot be used for the treatment 
of these anomalies. The model satisfactorily 
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explains many of the details of this anomalous 
behavior. It is suggested that the solvent metals 
used in the experimental studies of these effects 
will have to be much purer than those presently 
available before we shall be able to specify un- 
ambiguously the effects of a given kind of im- 
purity. 


ELECTRICAL RESISTIVITY OF EUROPIUM AND 
YTTERBIUM. M. A. Curry, S. Legvold, and 

F. H. Spedding, Institute for Atomic Research 
and Department of Physics, Iowa State Univer- 
sity, Ames, Iowa (Received September 8, 1959). 


Electrical resistivity measurements on euro- 
pium and ytterbium metals from 1.3° to 300°K 
are reported. Europium exhibits a sharp peak 
in its resistivity at 90°K which must correspond 
to its magnetic ordering temperature. The shape 
of the peak indicates antiferromagnetic ordering 
below 90°K. Ytterbium has no sharp anomalies 
in its resistivity. 


THRESHOLD MEASUREMENTS AND THE PRO- 
DUCTION OF RADIATION DAMAGE IN THE 
NOBLE METALS. J. W. Corbett and R. M. Wal- 
ker, General Electric Research Laboratory, 
Schenectady, New York (Received September 10, 
1959). 


We have measured the electrical resistivity 
changes induced by bombarding Cu, Ag, and Au 
at ~ 10°K with 1.5-Mev electrons. It is inferred 
that the threshold energy T, for radiation dam- 
age production in Cu, Ag, and Au is 22, 30, and 
240 ev, respectively. The fact that the Ty 
values are not the same for this homologous 
series of metals requires reconsideration of the 
comparison of deuteron radiation damage theory 
and experiment. This shows that even beyond 
the different 7; values, the damage process 
parameters in these materials are not identical. 


CALCULATIONS OF TOTAL CROSS SECTIONS 
FOR SCATTERING FROM COULOMB POTEN- 
TIALS WITH EXPONENTIAL SCREENING. 

G. H. Lane* and E. Everhart, Physics Depart- 
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ment, University of Connecticut, Storrs, Con- 
necticut (Received September 10, 1959). 


Momentum transfer cross sections and total 
cross sections are calculated for scattering 
from the potential energy function V =(Z,Z,e*/) 
x exp(-r/a). Here the first factor is the Coulom 
term and the exponential factor contains a 
screening length a. The cross sections are ob- 
tained by integrating the differential cross sec- 
tion over all angles using a classical calculation 
or a Born approximation calculation according 
to whichever is valid. The validity criteria are 
discussed as they depend on the de Broglie wave- 
length of the scattered particle. In certain cases 
the Born approximation solution is valid at smal] 
angles and the classical solution is valid at large 
angles. Graphs and tables are presented show- 
ing the results as functions of suitable param- 
eters. 

The momentum transfer cross section is finite 
in all cases and the total cross section is finite 
except in the classical limit. In this limit, how- 
ever, calculations are presented showing that 
portion of the total cross section which arises 
from scattering through angles greater than a 
specified small angle. 


*Now at Franklin and Marshall College, Lancaster, 
Pennsylvania. 


ELASTIC SCATTERING OF LOW-ENERGY ELEC: 


TRONS BY THE THOMAS- FERMI ATOM. Lavw- 

rence Baylor Robinson, Space Technology Labo- 

ratories, Inc., Los Angeles, California (Received 
September 28, 1959). 


A detailed study has been made of the elastic 
scattering properties of the Thomas- Fermi atom 
for low-energy electrons. The scattering lengths 
have been determined for essentially all atoms in 
the periodic table within the framework of the 
Thomas-Fermi approximation. The scattering 
length is not a monotonic function, but rather a 
(roughly) periodic function of the atomic number 
of the scattering atom. Both positive and nega- 
tive scattering lengths are found. 

The effect of the sign and magnitude of the 
scattering length on the shape of the cross sec- 
tion versus energy curve is studied. It is ob- 
served that atoms with negative scattering 
lengths have very low cross sections for some 
energy of the incoming electrons; such is not the 
case with all atoms having positive scattering 


lengths. 







FRE! 
SPEC 
GASE 
Tech 
Calif 


The 
cient 
for h 
are p 
calcu 
Both 
ficier 
funct’ 
opera 
sence 
atom: 
turbit 

For 
a Len 
give ¢ 
exper 
inter 
the bl 
pertu: 
(6-12) 
reaso 
ment. 
incluc 
ween 
impro 
intera 

Nun 
dipole 
quadr 
intera 
there 
For th 
of the 
netic ; 
param 
data. 

The 
experi 






X-RAY 
13 TO 
WATE 




















EC: 


ved 


m 
hs 


Tt 


he 















YotuME 4, NUMBER 3 





PHYSICAL REVIEW LETTERS 


FEBRUARY 1, 1960 








FREQUENCY SHIFTS IN THE HYPERFINE 
SPECTRA OF ALKALIS CAUSED BY FOREIGN 
GASES. Lawrence Baylor Robinson, Space 
Technology Laboratories, Inc., Los Angeles, 
California (Received September 28, 1959). 


The pressure shift and the temperature coeffi- 
cient of the pressure shift have been calculated 
for hyperfine spectra when radiating alkali atoms 
are perturbed by foreign gases. The method of 
calculation is based on a suggestion by Margenau. 
Both the pressure shift and the temperature coef- 
ficient can be calculated on the basis of potential 
functions representing intermolecular forces 
operative when the radiating atom is in the pre- 
sence of the perturbing atoms. The noble gas 
atoms have been considered explicitly as per- 
turbing atoms. 

For weak interactions (small perturbing atoms) 
a Lennard-Jones (6-12) potential is adequate to 
give excellent agreement between theory and 
experiment. Helium and neon give rise to weak 
interactions and the frequency shifts are toward 
the blue. When the interactions are strong (large 
perturbing atoms), a simple Lennard-Jones 
(6-12) potential is no longer adequate to give 
reasonable agreement between theory and experi- 
ment. When higher order attractive terms are 
included in the interaction, the agreement bet- 
ween theory and experiment is considerably 
improved. Argon and krypton give rise to strong 
interactions and frequency shifts toward the red. 

Numerical values are obtained for the dipole- 
dipole, dipole-quadrupole, dipole-octupole, and 
quadrupole-quadrupole terms in the intermolecular 
interaction. For each pair of interacting atoms, 
there are two parameters to fit two sets of data. 
For the case of the small perturbing atoms, one 
of the parameters is just the sum of the gas ki- 
netic radii, so that there is essentially only one 
parameter which is adjusted to fit two pieces of 
data. 

The over-all agreement between theory and 
experiment is very good. 


X-RAY ATTENUATION COEFFICIENTS FROM 
13TO 80 Mev FOR HYDROGEN, CARBON, 

WATER, AND ALUMINUM. J. M. Wyckoff and 
i.W. Koch, National Bureau of Standards, 
Washington, D. C. (Received September 21, 1959). 


The x-ray attenuation coefficients for hydrogen, 
arbon, water, and aluminum have been meas- 
wed in the energy range from 13 to 80 Mev by 


placing varying lengths of attenuators in a 90- 
Mev bremsstrahlung beam in a good geometry 
experiment using a large sodium iodide total- 
absorption spectrometer as the detector. In the 
hydrogen case, a difference method employing 
cyclohexane (C,H,,) and graphite was used. The 
theoretical attenuation coefficients were calcu- 


lated using selected Compton and triplet cross 
sections in addition to the small quasi-deuteron 
cross sections. A pair cross section increase of 
2.25% was required for carbon, water, and 
aluminum to bring the total calculated coefficients 
into agreement with the measured coefficients in 
the 60-Mev region. The difference between these 
calculated cross sections and the measured 
cross sections in the 13- to 50-Mev region has 
been ascribed to the giant resonance nuclear ab- 
sorption. A larger high-energy tail to this ab- 
sorption than predicted by (y,p) and (y,n) ex- 
periments is indicated. 


DECAY OF Os?® AND Os?**. I. GAMMA AND 
BETA SPECTROSCOPY. John O. Newton,* Uni- 
versity of California, Lawrence Radiation La- 
boratory, Berkeley, California (Received Sep- 
tember 16, 1959). 


Four activities, produced by the bombardment 
of tungsten with alpha particles having energies 
up to 48 Mev, were identified. They have half- 
lives of 9.9+0.3, 13.674+0.1, 21.1+0.3, and >500 
hours. From the excitation functions and other 
measurements these are attributed to the decay 
of Os'*”", Os**®, and Os'®, respectively. Meas- 
urements on the gamma-ray spectra and conver- 
sion line spectra are reported. The spectra are 
complex, and a total of 251 conversion lines was 
observed. In many cases the decay of individual 
gamma rays and conversion lines was studied. 


"Present address: University of Manchester, Man- 
chester, England. 


DECAY OF Os*®* AND Os'**. II. COINCIDENCES, 
CONVERSION COEFFICIENTS, AND DECAY 
SCHEMES. John O. Newton,* Lawrence Radia- 
tion Laboratory, University of California, 
Berkeley, California (Received September 16, 
1959). 


The 382-kev transition in Re'™ was shown to 
have a conversion coefficient of (1.09 + 0.14) x10 
which established the transition as El. The half- 
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life. of the state from which this arises was 
found to be (7.74 0.5) x10~° sec from delayed 
coincidence measurements, indicating a hindrance 
factor of 3 x10° relative to the single-particle 
value. Other transition multipolarities were 
assigned from their conversion coefficients, L 
subshell and K/L ratios as obtained from the 
preceding paper. Among these the 170.72-kev 
isomeric transition in Os*® was identified and 
shown to be M4 with a hindrance factor of 12. 
Decay schemes for Os'® and Os'®” are estab- 
lished and good agreement is obtained between 
the proposed spins and parities and those sug- 
gested by the scheme of energy levels ina 
spheroidal potential as calculated by Nilsson. 


"Present address: University of Manchester, Man- 
chester, England. 


AUGER TRANSITIONS IN Re’® AND THE M3 
ISOMER IN Os*®*, John O. Newton,* Lawrence 
Radiation Laboratory, University of California, 
Berkeley, California (Received September 16, 
1959). 


The rhenium KLL, KLM, KLN, and KLO 
Auger lines have been observed in experiments 
on the decay of Os*®* and Os*®. The measured 
energies are compared with those given by 
semiempirical theories due to Bergstrom and 
Hill and to Asaad and Burhop; satisfactory 
agreement is found. A comparison of the meas- 
ured intensities with those given by the non- 
relativistic theory of Asaad and Burhop shows 
less satisfactory agreement. 

Conversion lines attributed to a previously 
reported M3 isomer in Os’® have been observed 
and the transition energy found to be 30.81 +0.03 
kev. L and M subshell ratios are reported. The 
transition appears to be hindered by a factor of 
5x10* relative to the single-particle estimate. 


"Present address: University of Manchester, Man- 
chester, England. 


(p, a) REACTIONS INDUCED BY PROTONS IN 
THE ENERGY RANGE OF 9.5-23 Mev. Clyde B. 
Fulmer and Charles D. Goodman, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee 
(Received June 5, 1959; revised manuscript 
received November 16, 1959). 


An earlier study of (, a) reactions induced by 
23-Mev protons has been extended by observing 
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the outgoing alpha particles from nuclear re- con 
actions induced by protons of various energies app 
between 9.5 and 23 Mev in numerous elements 
throughout the periodic table. Alpha-energy dis. 
tributions and absolute differential (p, a) cross 
sections were measured at 90deg. From the 
integrals of the alpha-energy distributions, ex. 
citation functions for (p, a) reactions were deter. Igo, 





mined. Excitation functions for (, a) reactions an 
in targets for which compound nuclei are integra ys 
ep 


numbers of alpha particles are qualitatively dif- 
ferent from those of other targets. Alpha-enery} A 
distributions for targets with Z < 50 (except for | ela: 
F and Al) are peaked at about the same energy | hav 
for incident proton energies of 9.5-23 Mev; this | 44.4 
may be interpreted as evidence that the Coulomb} hav 
barrier is lowered for alpha-particle emission an 
from excited compound nuclei. yon 


OPTICAL MODEL ANALYSIS OF THE SCAT- 
TERING OF ALPHA PARTICLES FROM HELIUM, 
George Igo, Los Alamos Scientific Laboratory, 
Los Alamos, New Mexico, and Institute for The- 
retical Physics and Max Planck Institute for Nu- f FISS 
clear Physics, Heidelberg, Germany (Received [| Dani 


August 3, 1959). Lem 
An optical model analysis using a complex Th 
potential, of P 
Mev 


(V +iW){1 + exp[(7 - 7,)/d]}}", 


has been made of the elastic scattering of alpha — ‘at 


particles from helium. In the data whichare am-f Un 
lyzed, the bombarding energy ranges from 23.1 
Mev to 47.1 Mev. The best agreement with the 
angular distributions taken at eight different 
bombarding energies was obtained when the para- - 
meters V, W, 7,, and d were -112 Mev, -1 Mev nC 
(for bombarding energies near 40 Mev), 1.8 8 
f 


x107Sem, and (0.6+0.1)x107%cm, respectively. 
The value -112 Mev for V is an average value; Ex 
V decreases by 15% when the bombarding energy 
















serv 
is increased from 23 Mev to 47.1 Mev. SinceW F ang, 
is small the central depth of the real part of the J cz, 
potential V has significance. This is in contrast J pon) 
to the scattering of alpha particles from heavier F nay 
elements where the absorption is so large that ing 
the central part of the potential is not easily 1.79 
determined. No lower limit was placed on 7; 11.0! 
however, 7, must be less than 2.7x107*%cm. yi, 
The phase shifts obtained from this analysis af § seat 
in good agreement with the preliminary results of th 
of Snyder below 42 Mev. Above 42 Mev they gave 
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continue to vary slowly with no new states of Be® 
appearing up to 47.1 Mev. 


ALPHA-ALPHA SCATTERING IN THE RANGE 
36.8 TO 47.3 Mev. Homer E. Conzett, George 
Igo, Harlan C. Shaw, and Rodolfo J. Slobodrian, 
Lawrence Radiation Laboratory, University of 
California, Berkeley, California (Received 
September 3, 1959). 


Absolute differential cross sections for the 
elastic scattering of alpha particles from helium 
have been obtained at 36.8, 38.8, 40.8, 41.9, 
44.4, 46.1, 47.1, and 47.3 Mev. Measurements 
have been made at intervals of 2 degrees over 
an angular range from about 15 degrees to be- 
yond 90 degrees in the center-of-mass system. 
The angular distribution shows a single minimum 
at 65 degrees at the two lowest energies, and 
two minima, at about 35 and 70 degrees, at the 
other energies. 


FISSION CROSS SECTION OF PLUTONIUM -242. 
Daniel K. Butler, Argonne National Laboratory, 
Lemont, Illinois (Received September 21, 1959). 


The cross section for neutron-induced fission 
of Pu**? has been measured between 0.1 and 1.7 
Mev. The measurement was made by determin- 
ing the ratio of the Pu**? fission cross section to 
that of U?°® using a back-to-back gas scintillation 
counter. 


EXCITED STATES IN N** FROM C"(d, d)C’?, 

C¥(d, p,)C*, AND C'*(d, p,)C’**. E. Kashy,* R.R. 
Perry, and J. R. Risser, The Rice Institute, 
Houston, Texas (Received August 3, 1959). 


Excited states in the N** nucleus have been ob- 
served by measuring the differential scattering 
and reaction cross sections of C'*(d, d)C’®, 

C¥(d, p,)C**, and C'*(d, p,)C’** for deuteron 
bombarding energies from 0.5 to’2.0 Mev. Res- 
oances were investigated at deuteron bombard- 
ing energies of 0.92, 1.19, 1.31, 1.446, and 

1.79 Mev, corresponding to excited states at 
11,05, 11.29, 11.38, 11.503, and 11.80 Mev in 
N*, Scattering matrix analysis of the elastically 
scattered deuterons and of angular distributions 
of the reaction protons to the ground state of C** 
fave assignments of 1+, 2°, 1+, 3+, and 1* for 


these states. The analysis of the C*(d, p,)C’ 
angular distributions at 0.92, 1.19, and 1.31 Mev 
indicated a reaction mechanism in which the re- 
lative proton-neutron spin orientation of the 
deuteron is preserved. 


* 
Now at Massachusetts Institute of Technology, 
Cambridge, Massachusetts. 


BETA SPECTRA OF THE MIRROR NUCLEI. | 
Roger W. Wallace and Jasper A. Welch, Jr., 
Lawrence Radiation Laboratory, University of 
California, Berkeley, California (Received June 
4, 1959; revised manuscript received November 
20, 1959). 

The positron spectra and half-lives of all the 
mirror nuclei (2Z =A+1) with 19 <A <39 have 
been systematically measured with a 180°-deflec- 
tion uniform-magnetic-field spectrometer. The 
ground-state transition energies were used to 
compute Coulomb-energy differences between 
mirror pairs. Deviations of these Coulomb- 
energy differences from a smooth variation with 
A are explained by a nuclear shell model using 
the potential well of an isotropic harmonic oscil- 
lator. The data support a symmetry for the proton 
wave functions characteristic of the state of 
lowest seniority, with magic-number effects at 
A =14 and 16 as well as A=8 and 20. Comparison 
of the ft values obtained with experimental nuclear 
magnetic moments gives the following values for 
the partial coupling constants for the Fermi and 
Gamow-Teller 8 interactions: gp*=(1.5+ 0.1) 
x10~* sec™?, &cor =(2.2+0.1)x107* sec". Nu- 
clear radii from p-mesonic atoms, when prop- 
erly interpreted, are shown to be in agreement 
with radii deduced from Coulomb energy differ - 
ences. 


"presently at the Air Force Special Weapons Center, 
Kirtland Air Force Base, New Mexico. 


HYDROGEN- HELIUM ISOTOPE ELASTIC SCAT- 
TERING PROCESSES AT INTERMEDIATE EN- 
ERGIES. J. E. Brolley, Jr., T. M. Putnam, L. 
Rosen,* and L. Stewart, Los Alamos Scientific 
Laboratory, University of California, Los Ala- 
mos, New Mexico (Received September 28, 
1959). 


Differential cross sections for the elastic scat- 
tering of various hydrogen and helium isotopes 
have been measured using accelerated particles 
from the Los Alamos 42-inch cyclotron. The 
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scattering of protons and deuterons from deu- 
terons, tritons, and helium-three particles has 
been studied over an energy range of 5 to 14 
Mev. The elastic scattering of ~ 10-Mev polar- 
ized protons has also been studied. In all cases 
nuclear emulsions were used as detectors. 

Proton-deuteron elastic scattering has been 
measured at 5.6 and 7.85 Mev. A comparison is 
made to results at nearby energies of both p-D 
and n-D scattering and to theoretical predictions. 
The scattering of 10-Mev polarized protons from 
deuterons has been measured and provides sup- 
port for calculations using central force approxi- 
mations. 

Measurements of p-T and p-He® elastic scat- 
tering at 6.5 and 8.34 Mev give angular distribu- 
tions which are quite similar to those for p-D 
and p-He*. An encouraging agreement is found 
with resonating group calculations with central 
force approximations of the Serber type. 

Deuteron-deuteron scattering has been meas- 
ured at 6.0, 8.2, 12.1, and 13.8 Mev. A prelim- 
inary theoretical treatment indicates that the 
process is predominantly hard-sphere scattering 
with no strong level splitting. 

Deuteron-triton and deuteron-helium three 
scattering has been measured over the energy 
range of 5 to 14 Mev. The results for the two 
processes are almost indistinguishable at the 
present level of accuracy. 


* 
Now a Guggenheim Fellow at le Centre d’ Etudes 
Nucléaires de Saclay, France. 


GAMMA RAYS FROM NEUTRON INELASTIC 
SCATTERING IN B”, F*®, AND Fe™. Robert B. 
Day and Martin Walt,* Los Alamos Scientific 
Laboratory, Los Alamos, New Mexico (Received 
September 21, 1959). 


The cross section for excitation of the 0.72-Mev 
gamma ray in the B!°(n, n’y)B*° reaction has been 
measured for neutron bombarding energies from 
threshold to 5.2 Mev. Resonances were observed 
at 1.93 Mev, 3.31 Mev, 4.1 Mev, and 4.73 Mev, 
with evidence of a broad resonance at 2.6 Mev. 
The angular distributions of the 0.110-Mev and 
0.197-Mev gamma rays in the F’*(n, n’y)F’® re- 
action and the 0.847-Mev gamma ray in the 
Fe™(n, n’ y)Fe™ reaction were also measured at 
a neutron energy of 2.56 Mev. The first of these 
was isotropic, as would be expected for the decay 
of a spin-4 level; the last two showed anistropies 
but were symmetrical about 90°. The angular 
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distribution of the Fe gamma ray agrees very by a 
well in both shape and absolute magnitude with is d 
calculations based on the statistical model. Sing § com 
this model predicts angular distributions for Fe* F peut 
that have a strong dependence on the spin assumyif + 
for the excited state, it appears that such angular 
distribution measurements may be a useful tech- 
nique in nuclear spectroscopy. 


of Zt 


‘Now at Lockheed Aircraft Corporation, Research a 
Laboratory, Palo Alto, California. ne 
Sept 

ELASTIC SCATTERING OF HEAVY NUCLEI. Al 
J. S. McIntosh, S. C. Park, and J. E. Turner,* | ™8 
Yale University, New Haven, Connecticut (Re- aton 
cieved October 12, 1959). shes 
mon 


A program is presented for determining the 
differential cross section for the elastic scatter- } yac 
ing of heavy nuclei. It utilizes the unitary prop- f ang, 
erty of the S matrix and a less drastic L de- Labc 
pendence of the absorption than the sharp-cutoff Sept: 
model of Blair. It is shown that experimental 


data can be fitted quite well. Ch 
* ir: 
Now at the Division of Biology and Medicine, U. §,. a 
Atomic Energy Commission, Washington, D. C. }- b 
oud 

struc 

for t 


ANALYSIS OF ALPHA-PARTICLE ELASTIC 

SCATTERING EXPERIMENTS. J. A. McIntyre, 
K. H. Wang, and L. C. Becker, Yale University, — UPP: 
New Haven, Connecticut (Received October 15, f FOR 
1959). SCA" 


By a simple modification of the sharp- cutoff berg, 


(Blair) approximation, a phase-shift analysis ee 
has been found to reproduce the experimental : 
alpha-particle elastic scattering data from _ 
silver. Only two adjustable parameters were Int 
required to fit the experimental data for 22-Mev § acor 
scattering; four parameters were used for the only | 
40-Mev data. The uniqueness of the fits has not § and (; 
been determined. parti 
given 





TOTAL REACTION CROSS SECTIONS OF SEV- 
ERAL NUCLEI FOR 61-Mev PROTONS. Verena 
Meyer, * R. M. Eisberg, and R. F. Carlson, 
School of Physics, University of Minnesota, 
Minneapolis, Minnesota (Received September 22, 
1959). 











The total reaction cross sections of C, A, Fe, 
and Sn for 61-Mev protons have been measured 
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by a beam attenuation technique. This technique 
is described, and the results are presented and 
compared with total reaction cross sections for 
neutrons and with optical model calculations. 


‘Present address: Institute for ee University 
of Zurich, Zurich, Switzerland. 


MAGNETIC MOMENT OF Fe®’. G. W. Ludwig 
and H. H. Woodbury, General Electric Research 
Laboratory, Schenectady, New York (Received 
September 8, 1959). 


An electron-nuclear double resonance study 
has been made on the spectrum of neutral iron 
atoms in silicon. These measurements lead to 
a value of +0.0903 + 0.0007 nm for the magnetic 
moment of Fe®’. 


MAGNETIC MOMENT OF Au’®’. H. H. Woodbury 
and G. W. Ludwig, General Electric Research 
Laboratory, Schenectady, New York (Received 
September 8, 1959). 


Chromium-gold and manganese-gold impurity 
pairs in silicon have been observed by electron 
spin resonance techniques. Electron-nuclear 
double resonance studies of the gold hyperfine 
structure lead to a value of 0.1439 + 0.0004 nm 
for the magnetic moment of Au*®’, 


UPPER BOUNDS ON SCATTERING LENGTHS 

FOR COMPOUND SYSTEMS: n-D QUARTET 
SCATTERING. Larry Spruch and Leonard Rosen- 
berg, Physics Department, Washington Square 
College and Institute of Mathematical Sciences, 
New York University, New York, New York (Re- 
ceived September 14, 1959). 


In the zero-energy scattering of a particle by 
acompound system under the conditions that (1) 
only one exit channel is open (elastic scattering) 
and (2) no composite bound state exists for the 
particle and the scattering system in the state of 
given total angular momentum, the Kohn varia- 
tional principle gives an upper bound on the 
scattering length. This is one of several results 
given previously for the case of scattering by a 
center of force which may be taken over directly, 
provided conditions (1) and (2) are satisfied. As 
‘particular application of these results, several 
previous calculations of the n-D quartet scatter- 
ing length, Ag, based on the Kohn principle (the 
method of Verde and the static approximation of 
Buckingham and Massey are included) are re- 









analyzed using the rigorous criterion that the 
best result is the one giving the lowest value. 
Further, some calculations of A, based on the 
Rubinow formulation, which do not necessarily 
provide a bound, are converted to the Kohn 
form, thereby obtaining, in addition to a bound, 
an improved approximation to the scattering 
length. Some limitations and possible extensions 
of the method are discussed. 


TOTAL NEUTRON CROSS SECTION FOR C”” 
FROM 500 kev TO 1350 kev. C. M. Huddleston, 
R. O. Lane, L. L. Lee, Jr., and F. P. Mooring, 
Argonne National Laboratory, Lemont, Illinois 
(Received September 8, 1959). 


The total neutron cross section of C’? has been 
measured in an effort to observe resonances 
corresponding to states recently reported in the 
B™(He*, p)C** reactions. No resonances were ob- 
served within the 5% accuracy of the measure- 
ment. Upper limits are set on the possible widths 
of the states. 


DYNAMIC ORIENTATION OF NUCLEI BY FOR- 
BIDDEN TRANSITIONS IN PARAMAGNETIC 
RESONANCE. C. D. Jeffries, Physics Depart- 
ment, University of California, Berkeley, Cali- 
fornia (Received July 30, 1959). 


Principally from the viewpoint of orienting 
radionuclei, this paper considers magnetically 
dilute paramagnetic ions in crystals for various 
cases in which there is a non-negligible radio- 
frequency transition probability for inducing a 
simultaneous flippling of an electron spin and a 
nuclear spin. These transitions, forbidden in 
zero order in high magnetic fields, may be pro- 
vided by hyperfine interactions, and allow for 
direct dynamic nuclear orientation by applied rf 
fields. The transition probabilities are calculated 
for a general anisotropic spin Hamiltonian; ther- 
mal relaxation transitions are qualitatively dis- 
cussed. The resulting steady-state dynamic 
nuclear polarization and alignment are calculated 
for the equalization of populations of pairs of 
levels by sufficient applied rf fields. The influ- 
ence of various relaxation transitions is con- 
sidered and it is noted that the nuclear orienta- 
tion available through the forbidden transitions 
is considerably less sensitive to competing re- 
laxation transitions than that obtained by satura- 
tion of the allowed transitions. 
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The general predictions are found to be in qual- 
itative agreement with the results at Berkeley 
of Abraham and Kedzie using radionuclei. 

The possibilities for dynamic alignment of 
radionuclei of diamagnetic atoms by forbidden 
transitions due to weak nuclear-electron dipolar 
coupling are also briefly discussed. 


BETA-GAMMA DIRECTIONAL CORRELATION 
IN THE DECAY OF Eu’. Harry Dulaney, Jr., 
C. H. Braden, and L. D. Wyly, School of Phys- 
ics, Georgia Institute of Technology, Atlanta, 
Georgia (Received September 2, 1959). 


The directional correlation between the 1459- 
kev beta group and the 345-kev gamma ray of 
Eu’ has been measured as a function of beta 
energy at energies above 800 kev. The experi- 
mental results show good agreement, at high 
energies, with the theoretical correlation for a 
first forbidden beta transition with AJ=1. The 
influence of the relative size of the matrix ele- 
ment on the shape of the beta spectrum is dis- 
cussed. 


POLARIZATION OF ELECTRONS IN BETA 
DECAY OF THALLIUM-204. D. Beaglehole, 
Physics Department, Victoria University of 
Wellington, Wellington, New Zealand (Received 
September 15, 1959). 


The longitudinal polarization of electrons from 
the beta decay of thallium-204 has been measured 
by the M@ller scattering method, giving a fairly 
strong indication of negative polarization. 


Cu®(y, 3m) REACTION AND ITS BEARING ON THE 
USE OF THE Cu®(y,”)Cu* REACTION FOR 
BREMSSTRAHLUNG MONITORING. M. J. Aitken" 
and N. Middlemas, The Clarendon Laboratory, 
Oxford,England (Received September 4, 1959). 


The Cu®(y, 3”) reaction has been measured 
from threshold to 110 Mev. The integrated cross 
section at 110 Mev is 0.037+0.004 Mev-barn. 
The consequent error in bremsstrahlung mon- 
itoring through ignoring this contribution varies 
from 0.9% at 40 Mev to 1.4% at 110 Mev. 


* 
Now at the Research Laboratory for Archaeology 
and the History of Art, Oxford, England. 
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DYNAMIC NUCLEAR ORIENTATION OF Co”, J jon 
M. Abraham,” C. D. Jeffries, and R. W. Kedzie} } in 


Department of Physics, University of California, poly 
Berkeley, California (Received September 8, enti 
1959). scal 


An experiment to orient Co® nuclei dynamically | Fo 
is described, using a method discussed in the reat 
preceding paper; the orientation is detected by diff 
the y-ray anisotropy. The Co™ is contained as sect 
Cot* ions in magnetically isotropic sites of a "ad 
single crystal of La,Mg,(NO,),.*24D,O at 1.5°K ff ont 
and in a field of ~1500 gauss. Application of an 
rf field at a frequency v~ 9400 Mc/sec produces 
an orientation when the forbidden hfs transitions 


W,(M, m-M +1, m#1) are induced; m and M are - 
the magnetic quantum numbers of the Co®™ nu- 0 ve 
cleus and the Cot* ion, respectively. With a Pr * 


few milliwatts of microwave cavity power, a 
steady-state dynamic nuclear orientation is An 
reached in a time less than a few seconds yield- } (2 2! 
ing an anisotropy «~1%, smaller by a factor 2.7 J sions 


than the theoretical optimum value. No y-ray Septe 
anisotropy is observed when the allowed hfs to ex 
transitions W,(M, m—M +1, m) are induced. Also, § prim 
no y-ray anisotropy is found upon inducing either § stopy 
W, or W, for Co** located in the magnetically meth 
anisotropic sites in the crystal. All the above ticles 
observations are in general agreement with the urem 
theoretical expectations. An anomalous orienta- § The 
tion of Co® is observed when the allowed hfs prim: 
transitions of abundant stable Co™ in the same 


Theii 
crystal are strongly induced. This is explicable f maxi 
of the 


in terms of a mutual spin-flip process between 
the two systems. of he; 
* of the 
Present address: The Clarendon Laboratory, Oxford, 
Engiand. 
tPresent address: Polychem Department, DuPont 
Experimental Station, Wilmington, Delaware. ENEI 
ALPI 
HIGH 
EXTENSION OF THE BLATT -BIEDENHARN NUCI 
FORMALISM FOR RESONANCE REACT DONS. Kater 
Harry Lustig,* Nuclear Development Corporation Natio 


of America, White Plains, New York, and De- 
partment of Physics, City College of New York, 
New York, New York (Received September 18, 
1959). 















An 

The Blatt-Biedenharn formalism for the cal- and a: 
culation of cross sections in resonance reactions § ‘tom 
is extended to provide for (1) empirical spin- 200 p 
orbit effects in the potential scattering, (2) the athe 
interference of resonances of unequal spin and/ = 
€ 





or parity, and (3) the energy spread of the inci- 
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dent particle. Explicit formulas are given for 
the total cross section and for the Legendre 
polynomial expansion coefficients in the differ- 
ential cross section, for single-channel elastic 
scattering, in the presence of all three effects. 
For a general multichannel reaction, explicit 
reaction and elastic scattering formulas, both 
differential and total, are derived only for the 
second situation. 


‘address during the academic year 1959-60: Depart- 


HEAVY NUCLEI IN THE PRIMARY COSMIC RAYS 
OVER MINNESOTA. Eiji Tamai, University of 
Minnesota, Minneapolis, Minnesota (Received 
September 30, 1959). 


An analysis of the heavy primary cosmic rays 
(222) has been made, by using a stack of emul- 
sions which was exposed at a high altitude on 
September 18, 1959, over Minnesota. In order 
to examine the low-rigidity portion of the heavy 
primary cosmic rays, we have studied only the 
stopped particles in this stack. In this work,two 
methods to identify the charges of various par- 
tices have been employed: (1) track width meas- 
urement and (2) 6-ray density vs residual range. 
The energy spectra of a, L, and M groups in the 
primary cosmic radiation have been obtained. 
Their energy spectra show the existence of a 
maximum in each group, and the energy regions 
of the maxima increase with increasing charge 
ofheavy element. Some possible interpretations 
of these spectra are discussed. 


ENERGY AND ANGULAR DISTRIBUTIONS OF 
ALPHA PARTICLES FROM REACTIONS OF 
HIGH-ENERGY PROTONS WITH Ag AND Br 
NUCLEI. Elizabeth W. Baker and Seymour 
Katcoff, Chemistry Department, Brookhaven 
National Laboratory, Upton, New York, and 
Charles P. Baker, Physics Department, Brook- 
haven National Laboratory, Upton, New York 
Received September 23, 1959). 





An investigation has been made of the energy 
ad angular distributions of a particles emitted 
fom silver and bromine nuclei in Ilford D-1 

200 4) nuclear emulsions, during bombardments 
nthe Brookhaven Cosmotron with 1.0-, 2.0-, 

i 3.0-Bev protons. The a-particle energies 
studied were in the interval from 0 to 50 Mev with 


ment of Physics, University of Dlinois, Urbana, Illinois. 













































particular emphasis placed on the low-energy 
region, An attempt has been made to correct 

the observed spectra for the center-of-mass 
motion of the emitting nucleus and then to compare 
these spectra with those calculated from nuclear 
evaporation theory. Two sets of center-of-mass 
transformations were made. In one case the 
beam direction was considered to be that of the 
moving system, and in the second case the di- 
rection of the observed recoil was considered to 
be that of the moving system. Good agreement 
was obtained with the theoretical spectra through- 
out the energy region studied. An apparent excess 
of low-energy a particles in the uncorrected 
spectra was removed by assuming that the emit- 
ting nucleus moves in the observed direction of 
the recoil at 0.015c at 1.0 Bev and 0.02c at 2.0 Bev. 
These velocities were consistent with the meas- 
ured lengths of the observed recoil nuclei. Both 
the angular distributions of the recoil fragments 
and of the a particles were consistent with ran- 
dom emission from this moving system. It seems 
likely, therefore, that one can, at the same time, 
explain the observed angular distributions and the 
low-energy a particles by isotropic evaporation 
from a moving system. 


C’*( p, pn)C* CROSS SECTION FROM 3 TO 6 Bev. 
Nahmin Horwitz* and Joseph J. Murray, Law- 
rence Radiation Laboratory, University of Cali- 
fornia, Berkeley, California (Received Septem- 
ber 24, 1959). 


The C**( p, pn)C™ cross section has been meas- 
ured at proton energies of 3.0, 4.5, and 6.0 Bev. 
The measured values are 29.841.6, 27.7+1.7, 
and 29.8+1.6 mb, respectively. 


* 
Present address: Department of Physics, Syracuse 
University, Syracuse, New York. 


NUCLEAR SHELL EFFECTS IN yp” CAPTURE. 
G. H. Burkhardt,* Columbia University, New 
York, New York, and C. A. Caine, Clarendon 
Laboratory, Oxford, England (Received Septem- 
ber 18, 1959). 


The total capture rate for u~ mesons in com- 
plex nuclei can give some information on the 
spin dependence of the weak interaction, by 
utilizing the variation from one nucleus to an- 
other of the spin dependence of the nuclear 
transition. The calculation was carried out for 
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N**, 07°, and F’*, using shell-model wave func- 


tions which included configurational mixing in 
the unfilled shell. The result is not sufficiently 
spin sensitive to determine the Fermi and 
Gamow-Teller couplings separately at this 
stage, but it is in accord with the universal 

V -A hypothesis, if a conserved vector current 
pion-lepton interaction is included. 


*Now at California Institute of Technology, Pasa- 
dena, California. 


SEMIPHENOMENOLOGICAL ANALYSIS OF THE 


PROCESS p+p-~d+m7* NEAR THRESHOLD. A. E. 


Woodruff, * University of Rochester, Rochester, 
New York (Received September 8, 1959). 


A semiphenomenological calculation of the 
amplitudes for the process p+p~-d+7* near 
threshold is presented, using phenomenological 
nuclear wave functions. The meson is produced 
by the usual static p-wave interaction and the 
resulting Galilean invariant s-wave interaction. 
p-wave and s-wave rescattering of the meson 
are included. Agreement with experiment is 
obtained for both p-wave production amplitudes. 


The Galilean-invariant interaction is insufficient 


to yield the observed s-wave production but the 
contribution of the s-wave rescattering, while 
not well determined, is of sufficient magnitude. 


*Now at the College, the University of Chicago, 
Chicago, Illinois. 


ABSOLUTE DIFFERENTIAL CROSS SECTION 
FOR PRODUCTION OF ENERGETIC 6-RAY 
ELECTRONS BY 1.12-Bev/c PIONS. Frank S. 
Crawford, Jr., Lawrence Radiation Laboratory, 
University of California, Berkeley, California 
(Received September 14, 1959). 


We have measured the absolute differential 
cross section do/dK for production of delta-ray 
electrons by 1.12-Bev/c negative pions incident 
on a 10-in. liquid hydrogen bubble chamber, for 
values of the 5-ray kinetic energy K between 


32 Mev and the kinematical upper limit of 62 Mev. 
The results are in agreement with the theoretical 
prediction of Bhabha. We find an integrated cross 


section o(K >32 Mev) =1.37+0.17 mb. This ex- 
ceeds the theoretical prediction of 1.17 mb by a 
factor 1.17+0.15. 

The monoenergetic electron contamination of 
the pion beam has been determined by counting 
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electron-induced 6 rays. The monoenergetic ay 
nonmonoenergetic contributions to the muon cop. 
tamination have both been determined by com- 
bining a determination of the number of muon- 
induced 6 rays with a measurement of the curya- 
ture distribution of beam tracks. The method js 
described in detail. 


LATITUDE EFFECT ON EXTENSIVE AIR SHO. 


ERS OF COSMIC RAYS. Seinosuke Ozaki,” 
Laboratory of Nuclear Studies, Cornell Univer- 
sity, Ithaca, New York (Received September 14 
1959). 


The variation of air shower counting rate with 
latitude has been measured between 7° and 50°N 
at sea level. The observed showers have 10° 
charged particles on the average. Within the 
statistical accuracy, a few percent, no latitude 
effect on the intensity has been obtained. 


_ 
Now at Osaka City University, Osaka, Japan. 


FLUX AT SEA LEVEL OF HEAVY CHARGED 
PARTICLES PAIR- PRODUCED IN COSMIC -RAY 
SHOWERS. A. Goldberg, Institute of Theoretic 
Physics, Department of Physics, Stanford Uni- 
versity, Stanford, California (Received Septen- 
ber 15, 1959). 


The flux at sea level of charged particles with 
mass 300-600 electron masses is calculated as- 
suming the particles to be pair-produced by 
cosmic-ray photons. The cross section for pair 
production, including the effects of nuclear size, 
is folded into the distribution of photons pre- 
dicted by shower theory. Absorption of the pro- 


duced particles is also considered approximately. 


The results are well below the experimental 
upper limit set up by Keuffel and co-workers. 


DETERMINATION OF (2,K) RELATIVE PARITY. 
W. M. Frank,* I. Goldberg,t and R. M. Rock- 
more, Brookhaven National Laboratory, Upton, 
New York (Received September 29, 1959). 





Different relative parity assignments are 
shown to lead to distinguishable angular distri- 
butions in the K* +K* +K° annihilation mode of 
unpolarized ([~,p) systems. An impact param- 
eter argument is used to limit consideration to 
the two cases \,/=0, 1 and,,J=0, 1, 2, where 
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, denotes the relative angular momentum of the 
9x* system and J, that of the K° with respect to 
the center of mass of the 2K* system. 


Present address: Naval Ordnance Laboratory, 
Silver Spring, Maryland. 

‘present address: Physics Department, University 
of Michigan, Ann Arbor, Michigan. 


ELECTROMAGNETIC PROPERTIES OF 7 AND 
KMESONS. Katsumi Tanaka, Argonne National 
Laboratory, Lemont, Illinois (Received Septem- 
ber 18, 1959). 


A formalism is proposed which can give a 
smaller mass for the charged than for the neu- 
tral K meson, but a larger mass for the charged 
than for the neutral 7 meson. The theoretical 
prediction agrees with the experimental mass 
difference M(K°) - M(K*) ~9.4 electron masses 
ifthe root mean square radius of the charge 
distribution of the K meson is equal to 0.48 x107** 
cm. 


EUCLIDEAN GAUGE TRANSFORMATION. 
Julian Schwinger, Harvard University, Cambridge, 
Massachusetts (Received September 24, 1959). 


The Green’s function gauge transformation 
induced by the elimination of the longitudinal 
field in Euclidean electrodynamics is discussed. 


INTERFERENCE EFFECTS IN HIGH-ENERGY 
BREMSSTRAHLUNG FROM CRYSTALS. L. IL. 
Schiff, Institute of Theoretical Physics, Depart- 
ment of Physics, Stanford University, Stanford, 
California (Received September 21, 1959). 


An attempt is made to understand the negative 
results of Panofsky and Saxena and the positive 
results of Frisch and Olson in terms of the 
theory of the interference effects in high-energy 
bremsstrahlung from crystals worked out by 










Uberall. Several of the theoretical approxima- 
tions are examined in detail: the validity of the 
Born approximation, the calculation of tempera- 
ture effects, the validity of the closure approxi- 
mation for the crystal lattice, and the use of the 
Debye form for the lattice vibration spectrum. 
lis concluded that all of these are justified, ex- 
tept that a partial failure of the Born approxima- 
tion may be responsible for the nonappearance 





of the central minimum in the Frisch-Olson ex- 
periment. Crystal imperfections and multiple 
and inelastic scattering of the primary electrons 
are also considered briefly, but are found to be 
unimportant. No explanation is found for the 
Panofsky-Saxena results. The interference 
should be enhanced by making the primary elec- 
tron energy as large as possible and the ratio of 
photon to electron energy as small as possible. 
In the case of a diamond-type crystal the [110] 
direction for the electron beam is to be preferred 
to either the [100] or the [111] direction. Little 
advantage is to be gained from cooling the crys- 
tal. 


DIRAC-LIKE WAVE EQUATIONS FOR PARTI- 
CLES OF NONZERO REST MASS, AND THEIR 
QUANTIZATION. J. S. Lomont, International 
Business Machines Research Center, Yorktown 
Heights, New York, and H. E. Moses, Institute 
of Mathematical Sciences, New York University, 
New York, New York (Received March 27, 1959). 


The basic algebraic structure of the Dirac 
equation for the electron is used as a model for 
wave equations for other particles of nonzero 
rest mass. Wave equations of form (7 Vu +m)v 
=0, where the y-matrices satisfy the usual Dirac 
anticommutation rules [y,,, 7)],=2g yp, are 
then found for every positive integral and half- 
odd-integral spin. Wave equations of the above 
form describing multiple spin particles are also 
found. The improper transformations are given 
explicitly in their most general form, and quan- 
tization is performed. Finally, the vector me- 
son field is treated as an example. 


CHARGE-DEPENDENT CORRECTIONS TO PION- 
NUCLEON SCATTERING. Daniel M. Greenberger, 
Division of Physical Sciences, Department of De- 
fense, College Park, Maryland (Received August 
7, 1959). 


If account is taken of the mass difference be- 
tween neutral and charged pions and of the possi- 
bility that the three coupling constants (7°-n, 7°-p, 
m*-nucleon) may differ, then the pion-nucleon 
system no longer conserves isotopic spin. This 
effect has been investigated using Chew- Low 
theory with a p-state interaction. For eachJd 
value there are ten scattering amplitudes, re- 
placing the two of the charge-independent case. 
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Only eight of these amplitudes are independent 
due to time-reversal invariance and the mass 
difference effect can be related to a change in the 
energy scale. The amplitudes are determined as 
solutions to a set of linear integral equations 
which may be solved approximately in the one- 
meson approximation. Corrections to the differ - 
ential cross sections are then calculated. These 
corrections go through a maximum at about 125 
Mev and can affect the magnitude of the 7” cross 
sections by as much as 35% in this region, as 
well as the slope of the 7” cross section in the 
region 125-175 Mev. The effect on the 7* cross 
section is small. Attempts are made to corre- 
late the calculation with available data. 


SOME ANALYTIC PROPERTIES OF THE VER- 
TEX FUNCTION. Reinhard Oehme, Lawrence 
Radiation Laboratory, University of California, 
Berkeley, California, and Enrico Fermi Insti- 
tute for Nuclear Studies and Department of 
Physics, University of Chicago, Chicago, [Illinois 
(Received September 3, 1959). 


The absorptive part of the vertex function 
F\k?, p?, (k - p)?] is an analytic function of the 
mass variables k? and p*. On the basis of caus- 
ality and the spectral conditions, the region of 
regularity D(o) of the absorptive part A(k?, p”, o”) 
is obtained for fixed values of o2c. The bound- 
ary of D(o) is calculated explicitly for the case 
k? =p’, which is of interest in connection with 
form factors. By the use of examples based upon 
perturbation theory, it is shown that this bound- 
ary is characteristic for the physical assump- 
tions that have been made. The intersection D 
of all domains D(o) for o>c is the region for 
which F is an analytic function of all three vari- 
ables, with (% -p)* in the cut plane and (k?, p”) in 





D. The relation of these general results to the 
composite structure of particles is discussed, 

A simple, direct representation for the verte, 
function F is used in order to find limits for the 
region in the (k - p)? plane where singularities 
are allowed by the axioms. For real k* =p?=z, 
it is shown that the singularities are restricted 
to a finite region, and the static cut (Rk -p)? >c* 
provided z is below the onset of the correspond- 
ing cut in the z plane. 








MATTER AND POINT SET THEORY. Ali Kyrala 
Goodyear Aircraft Corporation, Litchfield Park, 
Arizona (Received February 6, 1959). 


A brief theoretical exposition of the concept 
of matter as a nowhere dense perfect set of 
positive measure is developed starting from the 
observation that matter is largely vacuous in al] 
scales from subnuclear to extragalactic. 


PION THEORY OF NUCLEAR FORCES WITH 
NUCLEON RECOIL. Suraj N. Gupta, Department 
of Physics, Wayne State University, Detroit, 
Michigan (Received September 11, 1959). 


The nuclear potential between two nucleons 
moving with nonrelativistic velocities in their 
center-of-mass system is calculated by using 
the relativistic pion theory and taking fully into 
account the effect of the nucleon recoil. The re- 
sulting potential completely disagrees with the 
Klein potential but differs from the Lévy poten- 
tial to a lesser extent. It is shown that an ex- 
pansion of the contributions of the nucleon recoil 
in powers of the ratio of the pion and nucleon 
masses leads to erroneous results. 
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